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ABSTRACT 

Metallic glasses are metal alloys with disordered atomic structure. Due to their 

amorphous structure, they exhibit a unique set of properties that are ideal for wide range of 

applications including electrical transformers, sporting goods, fuel cells, precision gears 

for micromotors etc. The near-theoretical strength (1-3 GPa), exceptionally high elastic 

limit (2-3%), and excellent formability (down to nanoscale) of these materials are desirable 

in structural applications, micro and nanodevices in particular. On the downside, the 

amorphous structure also results in zero tensile ductility at room temperature. The plastic 

strain localizes in narrow shear bands (~20-40 nm in thickness) at low temperatures and 

high stresses. The nucleation and propagation of shear bands depends on multiple 

parameters such as, the elastic constants, the sample size and processing, and the testing 

conditions (temperature, strain-rate, and loading geometry). Studying the effects of these 

variables and linking them to a unifying flow model is critical for fundamental 

understanding and improving the intrinsic ductility of metallic glasses. While many of 

these aspects are well documented, the sample size dependence has been poorly 

understood, and even hotly debated. This study investigates the sample size and testing 

temperature effects on shear banding process through tensile and bend tests.   

Under tensile loading, sample size and temperature effects on fracture 

morphologies and deformation modes were explored in Pt-based metallic glass. 

Thermoplastic drawing procedure was utilized to fabricate ASTM grade tensile specimens 

with diameters ranging from 500 µm to 150 nm. Constant strain-rate (10-2 s-1) tensile tests 

at different temperatures ranging from cryogenic to glass transition temperature were 

conducted using a customized setup. Analysis of fracture morphologies from these high-

throughput tests show a gradual transition from catastrophic shear bands to slow shear 

bands, to shear bands plus some distributed plastic flow, and eventually necking to a point 

flow was observed as sample size was reduced. In addition, it was observed that a decrease 

in sample size has a similar effect as a decrease in testing temperature on the deformation 

behavior both in shear localization, and homogeneous/necking regime. In the shear 

localization regime, an increasing contribution of thermal softening (through shear offset) 
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and decreasing contribution of defect development (through coalescence of nanovoids and 

formation of microcracks) to the final fracture was observed as sample size and/or 

temperature decreases. In the homogeneous regime, the shear band stability and thus the 

ductility increased with decreasing sample size and/or testing temperature. In addition, 

bend tests were conducted on Zr- and Pt-based metallic glasses in the temperature range 

(0.1Tg-0.8Tg). The results show an increase in bending strain, shear band density, and 

critical shear offset with decreasing temperature. The observed size-temperature 

equivalence in both bending and tension was discussed based on fundamental plastic flow 

units, Shear Transformation Zones (STZs). In an attempt towards a unified flow theory to 

describe the fracture of metallic glasses, the results obtained in this study were analyzed 

using the existing plastic flow models.  

 

  



Texas Tech University, Chandra Sekhar Meduri, August 2019 
 

viii 
 

LIST OF FIGURES 

1.1 Yield strength vs Elastic modulus of different engineering materials [8]. ................ 14 

1.2 (a) Commercial golf club heads in wood, iron, and putter-type forms made of        

Zr-based metallic glass [10], (b) baseball bat [3], and (c) HEAD radical    

liquidmetal tennis racquet [3]. ................................................................................... 15 

1.3 Demonstration of the remarkable formability of metallic glasses: (a) blow       

molded hollow dome [15], (b) embossed microparts [12], (c) embossed 

nanostructures fabricated using AAO molds [13]. (d) drawn nanowires and 

nanotubes [14]. (e) micro drill-bits like features fabricated by inclusion of            

spin protocol during pulling stage of thermoplastic drawing [39]. ........................... 17 

1.4 Representative images of some of the fabrication procedures utilized in the last 

decade to make nanoscale metallic glass specimen. (1) Pd-based nanowires of 

diameter 200 nm were fabricated by subjecting the initially casted ribbons to      

local heating and tensile load [33]. (2) Ni-based specimen of diameters 500 nm     

and less fabricated by templated electroplating process [34]. (3) Al-based 

“nanohills” of ~20 nm initially made by twin-jet polishing and attached to     

tungsten probe to facilitate tensile testing [35]. (4) and (5) show focus ion beam 

(FIB) fabricated Zr- [28] and Pd-based [30] specimen tested in tension. This 

technique was used to make specimen of several microns. (6) Pt-based         

specimen fabricated using thermoplastic drawing procedure [14]. ........................... 20 

1.5 Effect of Ga ion irradiation on the shear band (brittle) to homogeneous (ductile) 

transition of Pd-based metallic glass specimen [38]. ................................................ 22 

2.1 Image of ingot (on the left) and water quenched Pt-based metallic glass rod           

(on the right). ............................................................................................................. 28 

2.2 DSC curve of Pt-based metallic glass at a heating rate of 20 K/min. The red      

arrows indicate the glass-transition and crystallization onset temperatures, and       

are 235 ℃ and 309 ℃, respectively. .......................................................................... 30 

2.3 Isothermal differential scanning calorimetry (DSC) curve of pt-based metallic    

glass measured at three different temperatures (2600C, 2700C, 2800C). The red 

arrows indicate the crystallization peak times. .......................................................... 31 

2.4 Schematic illustration of thermoplastic drawing procedure. ..................................... 32 

2.5 The three different types of molds used in this study for fabrication of tensile 

specimen. From left: silicon, steel, and aluminum. ................................................... 33 

2.6 Snapshots from real-time recording of the thermoplastic drawing process used       

for high through-put fabrication and testing of Pt-based metallic glass. ................... 34 



Texas Tech University, Chandra Sekhar Meduri, August 2019 
 

ix 
 

2.7 Multiple tensile specimen fabricated from the three different molds: aluminum,  

steel, and silicon. A high magnification image of the selected portion is shown        

to highlight the nanoscale tensile specimen fabricated using the thermoplastic 

drawing. ..................................................................................................................... 35 

2.8 SEM image (on the left) of the fractured specimen highlighting the observation       

of metallic tubes (indicated by white arrows) at the periphery of the elongated 

sample. A high magnification SEM image of the selected tube (yellow box) is   

shown on the right. .................................................................................................... 36 

2.9 Thermoplastic embossing of Pt-based metallic glass with varying thicknesses  

against a cylindrical cavity of diameter 200 μm. Scanning electron microscope 

(SEM) images of the embossed pillars and the top surfaces show significant      

effect of thickness on the embossing process. The filling length is shorter in          

thin samples and the corresponding top surfaces show formation of wrinkles         

and hollow indents. The surface instabilities form when the thickness        

approaches cavity diameter during embossing [38]. ................................................. 39 

2.10 Illustration of experimental procedure used to study the effects of metallic        

glass thickness, template cavity diameter, and loading on embossing. The       

metallic glass of varying initial thickness is embossed under linearly increasing   

load (F). The load, loading rate, and the cavity diameter (D) are varied but the 

processing temperature is kept constant. The accumulated load (Q) is the area    

under the load-time curve [38]. ................................................................................. 40 

2.11 Schematic of thermoplastic embossing showing velocity profiles of metallic     

glass flow [38].......................................................................................................... 41 

2.12 Effect of metallic glass thickness on normalized filling length (L ̅). Comparison     

of measured values (red squares), the existing theory (Eq. (3)), and the        

proposed model (Eq. (12)) [38]. .............................................................................. 45 

2.13 Thin film suspended on top of a viscous medium of viscosity (ηm). ..................... 46 

2.14 Normalized final thickness (H/D) as a function of maximum applied pressure.    

The buckled and unbuckled samples are labeled based on the SEM images like    

the ones shown as insets. The buckling is observed below critical H/D ratio 

irrespective of the embossing pressure [39]............................................................. 48 

2.15 Schematic depicting the effect of thickness during thermoplastic embossing. ....... 49 

2.16 (a) Schematic of cross-sectional view of buckle formation with a wavelength      

(λ). (b) fabrication of hollow metallic structure by elongation of buckle. The     

SEM image of Pt-based metallic glass microtube produced by buckling and 

elongation is shown [38]. ......................................................................................... 50 



Texas Tech University, Chandra Sekhar Meduri, August 2019 
 

x 
 

2.17 SEM images of metallic glass microtubes at different magnifications. .................. 52 

2.18 The hollow microneedle was mechanically attached to a fluidic device        

equipped with flow channels. Water was flown through the system and high 

magnification optical images demonstrating the flow of water (indicated by          

the red arrows) were captured. ................................................................................. 53 

3.1 SEM images of the tensile specimen fabricated from aluminum, steel and         

silicon molds and tested at different temperatures and/or strain rates using the 

experimental setup. .................................................................................................... 65 

3.2 (a) Side-view of necked specimen (b) side-view of fracture specimen showing        

55 ± 50 shear band fracture. (c) fracture surface of the specimen shown in (b) 

indicating the smooth and vein pattern regions. ........................................................ 65 

3.3 SEM images of fracture surfaces corresponding to different sample diameters        

(as indicated on the top left corners of the images) tested at room temperature 

(0.6Tg). ...................................................................................................................... 66 

3.4 Normalized shear offset (δs/D) vs diameter of the specimen (D) plot     

corresponding to room temperature testing (0.6Tg).  The dotted line is included       

to guide the eye. The inset shows the SEM image for D=14µm highlighting           

the shear offset. .......................................................................................................... 67 

3.5 SEM images of fracture surfaces of D = 150 µm tensile specimen showing 

characteristic radiating veins with smooth cores (as indicated by the white     

arrows). ...................................................................................................................... 68 

3.6 Normalized shear offset (δs/D) vs diameter of the specimen (D) plot     

corresponding to different testing temperatures: 433K(0.8Tg), 298K(0.6Tg),         

200K(0.4Tg). The dotted lines are included to guide the eye. .................................. 70 

3.7 SEM images of fracture surfaces of 15 (±1) µm tensile specimen tested at     

different temperatures: 433 K (0.8Tg), 298 K (0.6Tg), 200 K (0.4Tg). .................... 70 

3.8 SEM images of fracture surfaces of 250 nm tensile specimen tested at            

different temperatures: (a) 298 K (0.6Tg), (b) 433 K (0.6Tg). .................................. 71 

3.9 Schematic of the STZ-based plastic deformation in metallic glasses drawn to     

assist in visualization of the vein pattern formation. ................................................. 73 

3.10 Normalized shear offset (δs/D) vs adjusted sample size data corresponding            

to three different temperatures: 433 K, 298 K, and 200 K. The solid line   

correspond to Eq. (3.7)............................................................................................. 78 



Texas Tech University, Chandra Sekhar Meduri, August 2019 
 

xi 
 

3.11 (a) SEM images of fracture surfaces of samples in the diameter range: 500 nm       

to 150 nm. (b) true strain vs normalized neck length (L/D) plot of samples       

shown in (a). The solid lines are included to guide the eye. .................................... 79 

3.12 True strain vs normalized neck length of 150 nm diameter specimen tested at     

four different temperatures: 520 K (above Tg), 433 K, 393 K, and 298 K. The 

dotted lines are included to guide the eye. ............................................................... 80 

3.13 Normalized shear offset vs diameter of the specimen (D) plot corresponding          

to different strain rates (0.01 s-1 and 1.00 s-1) at room temperature. Sample         

sizes corresponding to shear band regime are evaluated. The dotted lines are 

included to guide the eye. ........................................................................................ 83 

3.14 Normalized shear offset vs diameter of the specimen (D) plot corresponding          

to different strain rates (0.01 s-1 and 1.00 s-1) at higher temperature. Sample        

sizes corresponding to shear band regime are evaluated. The dotted lines are 

included to guide the eye. ........................................................................................ 84 

4.1 Custom-built bending setup used in present experiments. The testing      

temperatures from 77 K to 550 K were achieved using liquid nitrogen and high 

temperature heating elements [50]. ........................................................................... 91 

4.2 (a) SEM images of Zr-based metallic glass fractured specimen tested at         

different temperatures. (b) temperature dependent fracture strain of Zr-based         

and Pt-based metallic glasses measured at temperatures from ~0.1Tg to 0.8Tg.      

The data in homogenous flow regime are not shown as the samples did not      

fracture [50]. .............................................................................................................. 94 

4.3 SEM micrographs of tensile side of Zr-based metallic glass samples fractured          

at various temperatures (a). The shear band spacing, and the propagation           

length measured from the SEM images reveal strong temperature effects on       

shear banding process (b) [50]. ................................................................................. 96 

4.4 SEM micrographs of tensile side of 1.5 mm Pt-based metallic glass samples 

fractured at various temperatures. ............................................................................. 97 

4.5 SEM micrographs of tensile side of Pt-based metallic glass samples bent to           

7% strain at 77 K, 298 K, and 393 K [50]. ................................................................ 98 

4.6 SEM micrographs of tensile side of Zr-based metallic glass samples bent to           

5% strain at 77 K, 298 K, and 473 K. ....................................................................... 98 

4.7 SEM micrographs of tensile side of Zr-based metallic glass samples fractured          

at various temperatures (a). The shear offset measured from the SEM images     

reveal strong temperature effects on shear banding process (b). ............................ 100 



Texas Tech University, Chandra Sekhar Meduri, August 2019 
 

xii 
 

4.8 Cross-sectional views of Pt-based (a) and Zr-based (b) metallic glass              

samples fractured at different temperatures. All fractured surfaces exhibit              

two distinct morphologies on the tensile side (smooth region and veins). The        

size of smooth region decreases with increasing temperature indicating an           

early failure at elevated temperatures [50]. ............................................................. 102 

4.9 SEM micrographs of tensile side of Zr-based metallic glass samples fractured 

indicating the measured shear band angles at various temperatures. ...................... 104 



Texas Tech University, Chandra Sekhar Meduri, August 2019 
 

1 
 

CHAPTER 1 

INTRODUCTION 

1.1 Metallic Glasses 

The terms “glassy, or amorphous” refer to the class of solid materials with random 

(disordered) atomic arrangements. Though the terms have been used interchangeably in 

the literature, attempts have been made to distinguish the amorphous and glassy materials 

based on the techniques used to obtain them. In those lines, Metallic Glasses are non-

crystalline metals obtained by continuously cooling from their liquid state. The earliest 

metallic glasses have been binary alloys and were made using rapid quenching techniques 

such as water quenching [1], slip casting [2] etc., where the molten alloy is cooled from 

their melting temperatures at very high cooling rates ~105-106 K/s. The high cooling rate 

frustrates the crystallization process and results in formation of the disordered amorphous 

structure. The need for such high cooling rates also gives rise to significant limitations, 

such as the critical thickness that could be cast. The understanding of crystallization has 

paved ways for developing criteria for glass formation. New multi-element alloys with 

critical thickness as large as 72 mm [3] have been fabricated where the atomic radius 

difference between different alloying elements assisted the formation of the glassy 

structure. In addition, high-throughput combinatorial search for optimized metallic glass 

compositions with superior stability and appreciable supercooled liquid region has been 

demonstrated in few alloy systems [4]. Correspondingly, the research interest in these new 

alloy systems grew. The metastable amorphous nature of these metallic alloys has been an 

intriguing aspect both from the fundamental and the application point of view.  

1.2 The case for Metallic Glasses 

Metallic glass alloys have a suite of attractive properties that are derived from both 

crystalline metals and oxide glasses. At an atomic level, these glassy alloys have densely 

packed atoms connected by cohesive metallic bonds as in crystalline metals. Hence these 

materials have properties such as electrical and thermal properties similar to the crystalline 

metals. Also, some of the physical characteristics associated with crystalline metals such 

as opacity and glossy appearance are retained in these alloys [3]. Due to the absence of 

crystallinity, these alloys are free from the related defects such as grain boundaries, 
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dislocations, twins, stacking faults etc. [5]. While the lack of grain boundaries results in 

superior soft magnetic [6] and corrosion [7] properties, the presence of disordered structure 

results in different mechanical properties compared to crystalline metals. These materials 

have exceptionally high elastic limit (2-3%), near-theoretical strength (1-3 GPa), 

impressive elastic modulus (~100 GPa), and room temperature fracture toughness (10-100 

MPa m1/2). Figure 1.2 shows the yield strength vs elastic modulus (E) values of commonly 

used structural materials and metallic glasses. The Pt- and Zr-based metallic glasses studied 

in this work are highlighted. The high yield strength values observed in case of the metallic 

glasses can be directly attributed to their disordered structure. The absence of dislocations 

and the associated gliding necessitates the activation or movement of a large number of 

atoms to result in global yielding, and thus boasts the yield strength of these materials.   

 

Figure 1.1: Yield Strength vs Elastic Modulus of different engineering materials [8].  

This high yield strength coupled with large elastic strain limit (Figure 1.1) has first 

found widespread applications in sporting goods [9]. For example, Zr-based metallic 

glasses were exploited commercially in golf clubs, tennis rackets, scuba gear, fishing 

equipment etc. It was suggested that 99% of the impact energy from a metallic glass head 

transfers to the ball, whereas the transfer efficiency is 70% in case of titanium head [3]. 

The HEAD Radical tennis racquet was observed to offer larger sweet spot, impressive feel, 
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greater control, and very little vibration [9]. Figure 1.3 shows the gulf clubs (a), baseball 

bat (b), and tennis racquet (c) made of Liquidmetal alloys.  

 

Figure 1.2: (a) Commercial golf club heads in wood, iron, and putter-type forms made of 

Zr-based metallic glass [10], (b) Baseball bat [3], and (c) HEAD Radical Liquidmetal 

tennis racquet [3].  

In addition to attractive mechanical properties, metallic glasses have metastable 

supercooled liquid state; another important characteristic of glassy materials. Supercooled 

liquid state is defined as the temperature range between the glass transition (Tg) and 

crystallization temperature (Tx). When we approach the glass transition temperature (Tg) 

from room temperature, the alloy becomes rubbery/viscous due to a drop in the viscosity. 

The drop-in viscosity will be several orders of magnitude [11], and the metallic glass starts 

to flow like a viscous fluid in the supercooled liquid region. This aspect of metallic glasses 

has been explored in several studies to fabricate near net shaped objects. The viscosity of 

these alloys keeps decreasing exponentially with temperature as can be explained 

qualitatively using traditional VFT equation typically used in the case of polymers. 

Accurate estimates of the temperature dependence of viscosity have been obtained using 

the VFT equation in the past. The decrease in viscosity also facilitates easy movement and 

rearrangement of the atoms and assists in the crystallization process. The crystallization 

proceeds instantaneously once the temperature reaches Tx (crystallization onset 
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temperature), and the stability of the supercooled liquid state keeps decreasing as 

temperature increases. Therefore, the metallic glasses can remain in their metastable 

supercooled liquid state up to several minutes depending on the temperature. Combining 

with low processing temperatures (as evident from the Tg values of metallic glasses), the 

metastable supercooled liquid state has enabled utilization of a variety of thermoplastic 

forming techniques that were previously limited to polymers. The techniques include 

compression molding/thermoplastic embossing [12, 13], thermoplastic drawing [14], 

extrusion [13], writing-erasing [13], blow molding [15], and rolling etc. Figure 1.3(a) 

shows a near net object prepared by blow molding where a heated metallic glass slab is 

molded by means of difference in air pressure. The metallic glass thins as it expands, and 

the required pressure scales inversely with the thickness of the slab. Figure 1.3(b, c) shows 

examples of metallic glass structures fabricated by thermoplastic embossing. The heated 

metallic glass flows into the cavities of the mold and results in near net-shaped objects after 

cooling below Tg. The advantages of thermoplastic forming are: (i) metallic structures can 

be fabricated at moderately high temperatures. (ii) objects with higher dimensional 

accuracy even at micro and nanoscale can be produced. (iii) objects with controllable 

surface finish can be fabricated.  

The unique combination of mechanical properties and fabrication ease has been 

explored in applications related to automotive, aerospace, sporting goods, biomedical, and 

MEMS/NEMS etc. devices [3,10-13]. Some of the selected examples related to micro and 

nanoscale applications are shown in Figure 1.4. 
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Figure 1.3: Demonstration of the remarkable formability of metallic glasses: (a) blow 

molded hollow dome [15], (b) embossed microparts [12], (c) embossed nanostructures 

fabricated using AAO molds [13]. (d) drawn nanowires and nanotubes [14]. (e) micro drill-

bits like features fabricated by inclusion of spin protocol during pulling stage of 

thermoplastic drawing [39].  

1.3 Structural aspects of Metallic Glasses 

Establishing the structure-property relation in metallic glasses has been 

challenging. Unlike crystalline metals, metallic glasses lack long range order and a detailed 

structural description is nonexistent. Though evidences of short and medium range atomic 

order were observed, understanding the influence of a structural change on properties is 

difficult. For example, properties like strength and plasticity are strongly dependent on the 

processing history [15] and change in cooling rate or an additional 

aging/annealing/cryogenic-rejuvenation treatment can alter the structural state and the 

mechanical response. However, all these different states can still be amorphous and 

difficult to differentiate structurally. Several structural indicators such as free volume [16], 

local order [17], and configurational potential energy [18] have been proposed to quantify 

the role of glass structure in controlling the properties.  

The concept of free volume was first developed by Cohen and Turnbull [19] and 

was later adapted by Spaepen [16] to interpret the deformation behavior of metallic glasses. 
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Free volume of an amorphous system is defined as the difference between the average 

atomic volume of the system and the average atomic volume in an ideal reference 

amorphous state. The dense random packing model for simple liquids with monoatomic 

atoms proposed by Bernal [20] is generally taken as the reference state. In addition, ideal 

glass or nearby crystals were also used as reference states. The use of these reference states 

has remained questionable as (i) it is experimentally difficult to achieve a predefined zero 

free volume state to quantify the absolute free volume of an unknown state, (ii) the volume 

in itself does not have information about topological symmetry or chemical order of the 

local environment, which are required to relate with properties. Despite these drawbacks 

and the fact that free volume is not a tangible physical quantity, it has been useful in 

assessing the effects of structural relaxation, deformation-induced softening, and heat 

treatments. A variety of experimental techniques such as X-ray diffraction [21], 

Differential Scanning Calorimetry (DSC) [22], and Positron Annihilation Spectroscopy 

[23] have been used to probe free volume in metallic glasses. DSC study [22] on different 

pre-annealed Pd-based metallic glass specimen found a relationship between the height of 

the glass transition peak and amount of free volume present in the system. The DSC has 

been used in characterizing the effect of annealing on the properties of metallic glasses. As 

explained in detail elsewhere [24], the concept of free volume as a state variable is useful 

in understanding the deformation (elastic, anelastic, and plastic) of metallic glasses. Similar 

to soil mechanics, shear deformation of densely packed atoms require dilation i.e., creation 

of internal volume [17]. While the stress creates more free volume, the atomic movement 

due to structural relaxation annihilates the free volume. Thus, the net increase in free 

volume dictates the mechanism of strain accumulation, and is a function of stress, 

temperature, and strain rate.  

1.4 Plastic Deformation:  

Spaepen [16] was the first to construct a deformation map for metallic glasses 

describing the two different regimes of plastic deformation and critical conditions for their 

transition. The two distinct modes of macroscopic plastic response in metallic glasses are: 

1. Inhomogeneous flow: This is the most common mode of deformation at low 

temperatures (below glass transition) where the metallic glasses exhibit very high strength. 
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As discussed earlier, the high strength is derived from their amorphous/glassy internal 

structure. The lack of crystal lattice, which would otherwise allow dislocation movement, 

necessitates activation of large of atoms for global yielding of these materials [25]. At such 

a high strength level, metallic glasses generally exhibit work-softening rather than work-

hardening typical for crystalline metals. Thus, under unconfined conditions, the high 

strength comes at the expense of ductility. Unlike crystalline metals where high ductility 

and large uniform elongation are observed, metallic glasses localize the plastic deformation 

in discrete and narrow shear bands, leaving the rest of the material mostly undeformed. 

This regime is generally associated with nucleation and propagation of shear bands, and 

the specific theories related to the shear banding process are explained in detail in chapters 

2 and 4 wherever applicable.   

2. Homogeneous flow: The characteristic feature of the homogeneous deformation is the 

participation of larger amount of material. Every volume element deforms in a similar 

manner and contributes to the overall strain in the specimen. Transition from 

inhomogeneous/shear-localized to homogeneous deformation is known to depend on 

temperature [14], strain rate [26], and sample size [14, 27-30]. The origin of temperature 

and strain rate dependent transition is structural: the excess free volume generated by the 

shear deformation is immediately annihilated due to increased atomic movement at higher 

temperatures or more time for annihilation at lower strain rates. Recently, it has also been 

observed that nanoscale metallic glass specimen can deform in a homogeneous manner. 

The underlying mechanism for this size dependent transition is not well understood as 

contradictory results have been reported [14]. The main challenges in studying the size-

effects are detailed in the following section.  

1.5 Sample-size effects: 

The observed size-dependent mechanical responses in metallic glasses are distinct 

from those observed in nano-crystalline metals [31]. First, metallic glasses do not have 

possess any structural features analogous to grains in crystalline metals. Second, the long-

range interaction between dislocations in crystalline metals is not observed between shear 

bands in metallic glasses. Shear bands are plasticity carriers that appear as distinct 

markings on the surface of a deformed metallic glass specimen. Fine dispersion of these 



Texas Tech University, Chandra Sekhar Meduri, August 2019 
 

8 
 

20-40 nm thick shear bands can be observed in confined loading conditions like 

compression and bending. It is now well-known that the spatial distribution of these shear 

bands depends on the sample size, and the distance between two consecutive shear bands 

scales as 0.1t (t is the thickness of a rectangular specimen) in bending [32]. This poses the 

questions “what happens when the distance between the shear bands becomes comparable 

to the thickness of shear band?” “How does the sample size effect deformation mechanism 

in tension where nucleation of a single shear band results in fracture?” This led to increased 

interest in fabrication and testing of nanoscale specimens. Figure 1.4 shows the different 

fabrication techniques developed/used in for sub-micron sized samples to investigate the 

shear band to homogeneous transition under tensile loading.  

 

Figure 1.4: Representative images of some of the fabrication procedures utilized in the last 

decade to make nanoscale metallic glass specimen. (1) Pd-based nanowires of diameter 

200 nm were fabricated by subjecting the initially casted ribbons to local heating and 

tensile load [33]. (2) Ni-based specimen of diameters 500 nm and less fabricated by 

templated electroplating process [34]. (3) Al-based “nanohills” of ~20 nm initially made 

by twin-jet polishing and attached to tungsten probe to facilitate tensile testing [35]. (4) 

and (5) show Focus Ion Beam (FIB) fabricated Zr- [28] and Pd-based [30] specimen tested 

in tension. This technique was used to make specimen of several microns. (6) Pt-based 

specimen fabricated using thermoplastic drawing procedure [14].  

In general, the fabrication procedures can be classified as subtractive or additive 

(non-subtractive). The most commonly used methods are subtractive where large samples 

are fabricated using standard casting procedures, and subsequently nanoscale samples are 
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carved out using Focused Ion Beam (FIB) [28-30]. The FIB technique involves 

bombarding the metallic glass with Ga ions to selectively remove the material. This 

technique offers reproducibility in fabricating specimen with controllable dimensions in 

the sub-micron range. Alongside, some of the non-subtractive techniques such as 

thermoplastic drawing [14, 33] have also been used for fabricating nanoscale specimen. 

Figure 1.4(6) shows the schematic of the high through-put thermoplastic drawing 

procedure developed by Hasan et al. [14]. It involves pressing and pulling of metallic glass 

liquid to fabricate tensile specimen of desired gauge diameters. In many of these studies, a 

clear size-dependent transition from shear band to homogeneous deformation has been 

observed and different phenomenological models [29, 30] have been proposed based on 

different hypothesis. Though the underlying mechanism is still unknown, the observed 

size-dependent deformation behavior has been explained in terms of suppression of shear 

banding behavior. It is generally understood that a shear band initiates via structural 

softening, then propagates, slips, and transits into a crack through cavitation [36]. Different 

failure criterion (shear band nucleus size [30], elastic energy [29], and void 

nucleation/growth [36]) have been invoked based on different stages of the shear band 

mediated fracture to explain the observed size dependent transition. However, the 

applicability of these criterion has been criticized as the structural origin of these size-

effects remains poorly understood with contradictory results being reported. The reported 

disparities have been largely related to the sample preparation procedures employed in 

those studies [37]. It has been shown that the Ga ion contamination and irradiation induced 

surface damage has significant effect on the observed deformation transition [30, 38].  

Figure 1.5 details the effect of irradiation intensity and the irradiated volume on Pd-

based metallic glass specimen of different sizes (different markers) in the nanoscale. It is 

evident that the surface damage imparted by the ion irradiation can influence the observed 

transition, questioning the reported observations and developed theories. Though the 

nanoscale samples prepared using irradiation-free procedures [33, 14] hint at presence of 

shear band to homogeneous transition, no thorough investigation has been done under 

tensile loading conditions.  
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In addition, it is evident from numerous bending and compression studies that study 

of extrinsic parameters such as temperature, strain rate etc. can yield useful information 

about shear band nucleation and propagation kinetics. The lack of such extensive studies 

in tension can be traced back to difficulties associated with fabricating test specimen. All 

these factors hindered the development of a unified plastic flow theory in metallic glasses. 

The recent developments in thermoplastic drawing procedure [39] has motivated us to 

study the size-effects over wider length scale and under varying extrinsic conditions.  

 

Figure 1.5: Effect of Ga ion irradiation on the shear band (brittle) to homogeneous (ductile) 

transition of Pd-based metallic glass specimen [38].  

1.6 Dissertation outline  

 This work focuses on experimental investigation of sample size effects on strain 

localization of metallic glasses. The main goal is to understand the mechanism behind shear 

band to homogeneous transition in nanoscale specimen. Testing temperature is varied 

alongside sample size to capture the role of heat generation in shear fracture. The next 

chapter (Chapter 2) details the experimental procedures involved in specimen fabrication, 

thermal analysis, and mechanical testing of Pt-based metallic glass. On the fabrication side, 

it is important to account for any extrinsic effects that could influence the test specimen 

and obtained results. The effect of metallic glass thickness is identified, and both theoretical 

and experimental details pertaining to this effect are discussed. Also, additional geometric 
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and processing parameters that have direct influence on specimen diameter are 

incorporated. Through our discussion, the critical conditions and protocols to consistently 

obtain ASTM grade tensile specimen of desired size are presented.  

 Before drawing any significant deductions about the size effects on shear band to 

homogeneous transition in deformation behavior, it is important to observe size-dependent 

changes in shear band and homogeneous regimes. In chapter 3, experimental results 

pertaining to tensile testing of wide range of sample diameters (milli to nanoscale) are 

presented. The methodologies for quantifying the fracture surfaces are discussed. Effect of 

testing temperature on the transition behavior and these parameters are presented. The 

results show a strong size-temperature equivalence. Theories pertaining to shear 

localization and shear band to homogeneous transition in metallic glasses are invoked to 

analyze the results. A phenomenological model combining Liquid-Like Layer theory of 

metallic glasses and energy dissipation-based theory of amorphous materials is proposed 

to capture the size-temperature equivalence observed in here.   

 The size-temperature equivalence is a common phenomenon in bending, where a 

decrease in size or temperature increases shear band nucleation. Chapter 4 details the 

experimental investigation of testing temperature effects on shear band morphology in 

bending.  Also, many of the previous reported size effects on shear band density, 

propagation length, and shear offset are discussed. Controlled experiments designed to 

essentially capture the temperature effect on shear band nucleation are included. Based on 

our results from tension (chapter 3) and bending (chapter 4), possible scenarios for shear 

band to homogeneous transition based on fundamental flow units i.e. Shear Transformation 

Zones (STZs) are established (chapter 3).  

 Chapter 5 will conclude this dissertation by presenting a brief summary of the key 

results obtained in this study. Based on the findings, directions for future research are also 

discussed.  
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CHAPTER 2 

FABRICATION OF METALLIC GLASS TENSILE SPECIMEN 

Development of thermoplastic drawing procedure for fabrication of damage-free 

tensile specimens is discussed in detail. High throughput fabrication of ASTM grade tensile 

specimens with diameters in the range 500 µm to 150 nm has been demonstrated. The 

effect of geometric and processing parameters involved in different stages of the drawing 

procedure on morphologies of individual metallic glass fibers has been studied in the past. 

The adaptation of this technique to fabricate multiple specimen of varied diameters (in the 

mm-to-nm range) has introduced an additional parameter in the form of metallic glass 

thickness. It was observed that thin metallic glass disks buckle during embossing stage of 

the drawing and results in significant porosity in the fabricated specimen. To address this, 

the effect of metallic glass thickness during embossing stage was comprehensively studied. 

For the first time, the sensitivity of the template-based thermoplastic embossing procedure 

to thickness was demonstrated. In addition to buckling, it was observed that the thickness 

also has significant effect on the filling length. A general flow model for all metallic glass 

thicknesses was developed to accurately estimate the filling length. In the lower thickness 

regime, the metallic glass liquid undergoes buckling due to increased lateral flow 

resistance. The mechanism of the observed buckling, and the thickness dependence was 

studied based on the existing multilayer buckling theories. Based on this analysis, the 

drawing procedure was optimized to fabricate mm-to-nm scale tensile specimen.  In 

addition, the understanding of the controlled buckling was utilized in manufacturing of 

hollow metallic microtubes. An example application of these hollow structures is 

demonstrated.  

Note: Some of the results and discussion presented in this chapter are also discussed in the 

following journal publication: 

Meduri, C. S., Hu, Z., Blawzdziewicz, J., & Kumar, G. (2019). Buckling of metallic glass 

supercooled liquid layer during embossing. Applied Physics Letters, 114(11), 113102. 

https://doi.org/10.1063/1.5091721.  
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2.1 Casting of Metallic Glass 

 Throughout the work, three different metallic glasses have been studied. The Zr-

based metallic glass was purchased from LiquidMetal Technologies LLC. Both Pt-, and 

Pd-based metallic glasses were prepared using water quenching technique. First, crystalline 

ingots of desired alloy compositions are prepared by melting high purity raw materials in 

vacuum sealed quartz tubes. The prepared ingots have a matte finish with a surface oxide 

layer (as shown in Figure 2.1) and are generally brittle in nature. It is important to avoid 

oxidation of the alloy as it would directly affect the quality of the casted metallic glass. 

Therefore, the prepared ingots are then fluxed where the ingots are re-melted under vacuum 

alongside boron oxide and then slowly cooled below the melting temperature. Fluxing 

helps in removing any unwanted oxides formed during initial melting. These fluxed ingots, 

which are still crystalline, are later broken into smaller pieces for metallic glass synthesis. 

Quartz tubes with inner diameter 2-3 mm are used to re-melt the fluxed ingots under 

vacuum followed by water quenching. All these three steps are performed in presence of 

Argon gas to avoid oxidation. After water quenching the prepared metallic glass will have 

a lustrous shiny appearance as shown in Figure 2.1. The critical dimension dictates the 

cooling rate required i.e. higher the critical dimension larger the cooling rate.  

 

Figure 2.1: Image of ingot (on the left) and water quenched Pt-based metallic glass rod 

(on the right).  
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2.2. Thermal Characterization 

Differential Scanning Calorimetry (DSC) was employed to verify the amorphous 

nature of the casted metallic glass. DSC captures the amorphous to crystalline phase 

transformation and associated enthalpies as a function of temperature or time (isothermal 

DSC). Information regarding glass transition temperature (Tg), crystallization onset 

temperature (Tx), crystallization enthalpy (area under the crystallization peak), and time of 

crystallization (isothermal DSC) can be obtained. These are useful parameters in estimating 

the quality of the metallic glass. Also, the effect of thermoplastic forming, where the 

metallic glass is subjected to above Tg temperatures for considerable amounts of time, can 

be estimated by evaluating these parameters. Figure 2.2 shows the heat flow analysis of as-

casted Pt-based metallic glass as a function of temperature when the heating rate was 20 

K/min. The specific details obtained from such DSC curves in case of all the three metallic 

glasses are tabulated in Table 2.1. Also mentioned are the type of test specimen prepared 

from these alloys. The temperature range between glass transition and onset of 

crystallization is defined as supercooled liquid state. In this range, metallic glasses exhibit 

viscous flow behavior that is suitable for thermoplastic forming of these glassy materials. 

Generally, a metallic glass with high supercooled liquid range (ΔT = Tx-Tg) is preferred for 

thermoplastic forming.  

Table 2.1: Glass transition temperature (Tg), onset of crystallization temperature (Tx), and 

Poisson ratio (ν) of Pt-based, Zr-based, and Pd-based metallic glasses. 

Metallic glass  Composition  

(at. %) 

Tg 

(K) 

Tx 

(K) 

Poisson’s 

Ratio ν 

Loading 

scenarios tested 

Pt- Pt57.5Cu14.7Ni5.3P22.5 489 572 0.41 Tensile, bending 

Zr- Zr35Ti30Cu8.25Be26.75 611 719 0.37 Bending 

Pd- Pd43Cu27Ni10P20 588 678 0.43 Bending 
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Figure 2.2: DSC curve of Pt-based metallic glass at a heating rate of 20 K/min. The red 

arrows indicate the glass-transition and crystallization onset temperatures, and are 235 ℃ 

and 309 ℃, respectively. 

In addition to the supercooled liquid range, time to crystallization in this 

temperature range is also important in designing the forming procedure. Figure 2.3 shows 

the isothermal DSC curves of Pt-based metallic glass at three different temperatures. The 

initial heating rate in all these three cases was 20 K/min. Correspondingly, the 

crystallization times decreased from 40 min at 2600C to about 2 min at 2800C. The DSC 

analysis helps in estimating the safe thermoplastic processing time window for fabrication 

of tensile test specimen. The viscosity also changes with temperature and can be 

approximately estimated using the famous VFT equation [40]. These two parameters, in 

combination, need to be optimized to obtain reproducible results.  
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Figure 2.3: Isothermal Differential Scanning Calorimetry (DSC) curve of Pt-based 

metallic glass measured at three different temperatures (2600C, 2700C, 2800C). The red 

arrows indicate the crystallization peak times.  

2.3 Fabrication of tensile specimen  

Thermoplastic drawing is a promising high-throughput template-based fabrication 

technique that utilizes the viscous flow behavior of metallic glasses. A simple schematic 

of the procedure is shown in Figure 2.4. Thermoplastic drawing procedure essentially 

involves hot embossing of metallic glass into a mold followed by controllable pulling. The 

process can be divided into two steps: (1) Embossing: This step is similar to conventional 

thermoplastic embossing where a metallic glass disk is heated above its glass transition 

temperature and compressed between the mold and an anchoring plate (each fixed 

mechanically to the heating plates). The top anchoring plate was designed to strongly 

adhere the liquid metallic glass and assist in pulling. The embossing force (F), as shown in 

Figure 2.4, is an important factor defining the filling length. (2) Drawing: This step 

involves elongation of the metallic glass filled into the bottom mold during embossing. 

During this stage, metallic glass liquid is mechanically downsized.   
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Figure 2.4: Schematic illustration of thermoplastic drawing procedure.  

Thermoplastic drawing procedure was initially developed as an alternative 

nanomanufacturing technique for fabrication of solid and hollow metallic glass 

nanostructures with very high aspect ratios (>1000). The technique decouples the pressure 

dependence on the aspect ratio and enables fabrication of metallic glass structures by 

elongation and thinning. Expanding on this, Hu et al. [10] have shown that metallic glass 

structures as large as several millimeters can be downsized to sub-100 nm through 

elongation. They studied the effect of different processing and geometric parameters and 

proposed a phenomenological model to describe the evolution of the diameter metallic 

glass fiber (D). In its simplest form, the equation can be expressed as  

 

where Dc is the cavity diameter, L is the elongating length, α is a fitting parameter (=0.08), 

and LB is the breakup length of the metallic glass fiber. The breakup length corresponds to 

the length of the fiber where the surface tension induced capillary pinching starts to 

dominate and result in abrupt fracture of the metallic glass fiber, and it depends on the 

drawing conditions including processing temperature (viscosity), pulling velocity (V) and 

cavity diameter (Dc). In their analysis, they showed that the diameter (D) becomes 

unpredictable and starts to deviate from the proposed model once the elongation length 

approaches the breakup length. In this work we are interested in utilizing this technique to 

D = (
πDc

2

αL + 2Dc
) (1 −

2L

LB
)                                                            (1) 
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fabricate and test multiple tensile specimen of diameters in the mm-to-nm range 

simultaneously. To fabricate tensile specimen with appreciable gauge length, we varied the 

cavity diameter (Dc) to make sure the elongation length (L) needed is small as compared 

to the breakup length (LB). The best and easiest way to vary the cavity diameter is to vary 

the mold itself. Correspondingly, we have utilized three different types of molds viz. 

silicon, steel, and aluminum as shown in Figure 2.5. The steel molds come with standard 

cavity diameter of 150 µm and are commercially available. The aluminum molds were 

made by mechanical drilling using microCNC and cavity diameters upside of 100 µm can 

be controllable fabricated whereas the silicon molds were made using photolithography. 

Cavity diameters as small as 2 µm can be etched in to silicon with good accuracy. This 

approach offers the advantage of scaling up to fabricate multiple tensile specimen 

simultaneously just by increasing the number of cavities in the mold. The steel mold used 

in this study is a perforated sheet and comes with multiple cavities whereas the aluminum 

and silicon molds were custom made to facilitate high throughput fabrication.  

 

Figure 2.5: The three different types of molds used in this study for fabrication of tensile 

specimen. From left: silicon, steel, and aluminum.  

 Figure 2.6 shows the real-time images captured during different stages of the 

drawing process. In this particular case, an aluminum mold drilled with multiple 200 µm 

cavities (each 1 mm deep) was used as the mold. A metallic glass disk of thickness 1mm 

was placed on top of the mold and steel perforated sheet was used as top template for 

anchoring the metallic glass liquid during drawing stage. . The metallic glass flows in to 

the cavities of the perforated steel sheet (top template) and the aluminum mold during 
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embossing stage. The higher density of the cavities in the top template helps in anchoring 

the metallic glass. This is the same reason why the metallic glass liquid filled in the 

aluminum mold elongates during the drawing stage. We can clearly see from the drawing 

stage images that there is good amount of compliance in the whole set up resulting in 

uneven pulling in the direction perpendicular to the surface of the either mold. At the 

periphery complete demolding can be observed. This is due to improper filling of the top 

template and/or higher local pulling velocity as a result of the compliance. It is known that 

higher velocities can result in complete demolding of the metallic glass liquid during 

drawing stage [10].  

 

Figure 2.6: Snapshots from real-time recording of the thermoplastic drawing process used 

for high through-put fabrication and testing of Pt-based metallic glass.  

The pulled specimen can then be conditioned to desired temperature and subjected 

to high throughput tensile testing. Post-fracture images of the selected portion of the drawn 

specimen (shown as green box in Figure 2.6) are shown under fracture label. We can clearly 

see that the Pt-based metallic glass fractured by propagation of the 550 shear band. This is 

a characteristic feature of the metallic glass tensile fracture and can be an additional 
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parameter in confirming the amorphous nature of the fabricated specimen. The same 

procedure can be essentially applied to the other two types of the molds and the resulting 

 

Figure 2.7: Multiple tensile specimen fabricated from the three different molds: aluminum, 

steel, and silicon. A high magnification image of the selected portion is shown to highlight 

the nanoscale tensile specimen fabricated using the thermoplastic drawing.  

SEM images are shown in Figure 2.7 along with the aluminum mold specimen. We can 

clearly see the nanoscale tensile specimen fabricated from the silicon mold (bottom panel 

images). The elongated specimen shows appreciable gauge lengths desirable to avoid 

fracture at the grips. As discussed in chapter 3, the molds used in this technique act as grips 

and assist in tensile testing. Using this procedure, we were able to fabricate specimen in 

the sample diameter range 500 µm to 150 nm. Specific details regarding the testing, 

characterization, and fracture surface analysis are discussed in chapter 3. In the following 

sections, a fabrication-related challenge encountered during the development of the high 

throughput fabrication procedure is discussed.  

 Figure 2.8 shows the SEM images corresponding to observation of metallic tubes 

in some of the fractured specimen. Interestingly, these tubes were observed only in the 
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aluminum and steel mold samples, never in silicon. Though the formation of these hollow 

structures is interesting, it is not desirable for evaluating the tensile behavior of the metallic 

glasses. Therefore, a systematic study was required to understand the mechanism and to 

develop protocols to avoid the formation of porous structures. From Figure 2.8, we can 

clearly see that hollow structures are forming only at the periphery of the metallic glass 

disk. This hinted us to examine the role of metallic glass thickness. Though thermoplastic 

forming of metallic glasses is well studied, it was interesting to note that there were no 

studies corresponding to the effects of thickness or amount of material itself. The following 

section details the effect of thickness during embossing and the formation of hollow 

structures. 

 

Figure 2.8: SEM image (on the left) of the fractured specimen highlighting the observation 

of metallic tubes (indicated by white arrows) at the periphery of the elongated sample. A 

high magnification SEM image of the selected tube (yellow box) is shown on the right.  

2.4 Thickness effects during embossing  

2.4.1 Introduction 

The supercooled liquid state of metallic glasses has been utilized in a wide range of 

thermoplastic forming operations such as, embossing [1-3], blow molding [4, 5], extrusion 

[6], rolling [7, 8], and drawing [9, 10]. Parallel-plate embossing has gained increasing 

attention due to its ability to produce nanoscale structures using a simple hardware [11, 

12]. In embossing, a sheet of metallic glass is pressed onto a rigid template using two 

parallel plates heated above the glass transition temperature (Tg) of the metallic glass [1, 2, 

13]. Above Tg, the metallic glass becomes a metastable supercooled liquid which can 

conform to the template features under pressure. Thermoplastic embossing of metallic 

glasses is typically carried out in air using standard compression testing machines equipped 
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with heating provision [1, 2, 13]. The technique has been used to fabricate precise 3D 

microparts [1], controllable nanostructures [14], and hierarchically textured surfaces [9] 

from various metallic glass formers.  

The filling of template cavities during embossing has been described by assuming 

Newtonian behavior of metallic glass supercooled liquids and creeping flow conditions [1, 

15-18]. The earlier studies proposed a modified Hagen-Poiseuille equation [1] to predict 

the template filling as a function of embossing parameters and supercooled liquid 

properties. Neglecting the capillary pressure and the oxidation related terms, the embossing 

pressure for a cylindrical cavity can be expressed as   

 

 

where η(T) is the viscosity of the metallic glass supercooled liquid. Typically, in the range 

of 105-109 Pa s, γ(T) is the surface tension of the metallic glass supercooled liquid state, t 

is the embossing time. The maximum embossing time is always dictated by the 

temperature-dependent crystallization time, θ is the contact angle between the metallic 

glass liquid and the mold material. Typically, the metallic glass liquids are non-wetting, h 

is the thickness of the oxide layer on the metallic glass surface, C0 is a constant that depends 

on the strength and Poisson’s ratio of the oxide film. The pressure (P) dependence on L (or 

L/D ratio) suggests that the viscous resistance at the cavity entrance was neglected (i.e. 

infinite supply of metallic glass was assumed), and only the flow resistance along the length 

of the cavity was considered. The equation yielded good agreement because the typical 

thicknesses (> 500 µm) of metallic glass used in experiments is larger than the lithographic 

template features (D < 100 µm). However, as we demonstrate in this study, Eq. (2) does 

not accurately describe the template filling when the thickness of metallic glass becomes 

comparable or smaller than the cavity diameter. Figure 2.9 shows an example of Pt-based 

metallic glass of varying initial thicknesses (2.5D, D, 0.25D) thermoplastically embossed 

onto a cylindrical cavity under the same conditions. The filling length is in good agreement 

with Eq. (2) for the thick sample (2.5D) but deviates significantly for the thin samples (D, 

0.25D). In addition, the thinner specimens show the formation of buckles as visualized in 

the images of the top surfaces. Buckles are not observed (Figure 2.9a) when the metallic 
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glass thickness was greater than the cavity diameter. Similar effects have been observed in 

thermoplastic embossing of thin polymer films [19-21]. With increasing interest in metallic 

glass thin films [22-24], it is important to investigate the effect of thickness on embossing. 

In addition, controlled buckling can lead to interesting applications in 

micro/nanofabrication [25, 26]. Pt-based metallic glass has been a preferred alloy system 

for studying micro- and nano-scale applications because of its good thermoplastic 

formability and oxidation resistance [20]. The metallic glass was synthesized by water 

quenching the molten alloy as described in previous section. The glass transition 

temperature and crystallization temperature of the alloy (as determined from the DSC 

analysis) used in this study are detailed in Table 2.1. As stated earlier, the thickness of the 

metallic glass is an important parameter in determining whether the resulting microneedles 

will be solid or hollow. To study this effect in detail, metallic glass thicknesses in the range 

of 50-500 µm were chosen. Different initial thicknesses were achieved by hot-pressing and 

polishing of metallic glass discs. The aluminum molds with microscale cavities were 

prepared by mechanical drilling using a MicroCNC. Cylindrical cavities of 200 μm 

diameters and 600 μm length were drilled in aluminum plates. 
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Figure 2.9: Thermoplastic embossing of Pt-based metallic glass with varying thicknesses 

against a cylindrical cavity of diameter 200 μm. SEM images of the embossed pillars and 

the top surfaces show significant effect of thickness on the embossing process. The filling 

length is shorter in thin samples and the corresponding top surfaces show formation of 

wrinkles and hollow indents. The surface instabilities form when the thickness approaches 

cavity diameter during embossing [38].  

A schematic of the cross-sectional view of thermoplastic embossing used in the 

present study is shown in Figure 2.10. A disk of metallic glass with initial radius (Ri) and 

thickness (Hi) is placed on a cylindrical cavity machined in aluminum. The setup is heated 

above the glass transition temperature of the metallic glass using two parallel heating 

plates. A time-varying load F = βt is applied (where β is the loading rate and t is the 

embossing time). The accumulated load (Q) is the area under the load-time curve which 

determines the extent of thermoplastic deformation of metallic glass [16]. The metallic 

glass flows vertically into the template cavity and laterally due to unrestrained geometry. 
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As a result, the thickness (H) of residual metallic glass layer decreases while the radius (R) 

and filling length (L) increase during embossing.  

 

Figure 2.10: Illustration of experimental procedure used to study the effects of metallic 

glass thickness, template cavity diameter, and loading on embossing. The metallic glass of 

varying initial thickness is embossed under linearly increasing load (F). The load, loading 

rate, and the cavity diameter (D) are varied but the processing temperature is kept constant. 

The accumulated load (Q) is the area under the load-time curve [38].  

 

2.4.2 Theoretical model for length of filling 

 

Figure 2.11: Schematic of thermoplastic embossing showing velocity profiles of metallic 

glass flow [38]. 
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The viscosity of metallic glass supercooled liquids is of the order of 105-109 Pa.s 

[15]. Hence, the previous investigations have used Stokes flow equations to describe the 

disk flattening and cavity filling process during embossing [16, 27]. Figure 2.11 shows the 

scenario of thermoplastic embossing of metallic glass in to a template with single central 

cavity heated above the glass transition temperature. The viscosity (η) of the Pt-based 

metallic glass at 2600C is of the order of 106 Pa s. Therefore, the previous investigations 

have utilized Stokes equations to describe the flow of metallic glass [1].  

                                            η ▽2 v = ▽ P,      ▽. v = 0                                                      (3) 

where v and P are the velocity and pressure fields near the entrance of the cavity. The flow 

of the metallic glass under the applied load (F = βt) results in filling of the cavity (flow in 

direction 1) and thinning of the metallic glass disk (flow in direction 2).  

1. Filling of cavity: 

Along the depth of the cavity, the Stokes equation (Eq. 3) yields  

                                                            
ηvp

D2
=  

∆P1

16L
                                                                     (4) 

where vp is the maximum velocity of the metallic glass front, D is the cavity diameter, ΔP1 

is the pressure difference between entrance of the pore and atmospheric pressure along 

direction 1, L is the instantaneous filling length.  

2. Thinning of disk: 

Eq. (3) yields  

                                                      µ [
ηvD

H2
] =  

∆P2

D
                                                                     (5) 

where vD is the maximum velocity of the metallic glass front along the disk direction, H is 

the instantaneous thickness of the metallic glass disk, and µ is the lateral flow resistance 

coefficient and was used as a fitting parameter to match the experimental results. Eq. (5) 

describes the pressure drop at the entrance of the cavity. It was assumed that a significant 

flow in the pore direction occurs in a ring-like region of width ~D. The far-field pressure 

outside of the ring is equal to the applied pressure, and the pressure drop at any volume 
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element is negligible. While the pressure drop described in Eq. (5) was accounted for in 

Eq. (2), the additional pressure drop due to change in thickness (described by Eq. (6)) was 

not considered. Consider P as the total applied pressure during the thermoplastic forming 

process. vD can be expressed in terms of vp by imposing volume conversation constraint. 

Eq. (4) and Eq. (5) yields 

                                    P =  η [
16L

D2
+

пµD2

H3
 ] vP                                                                  (6) 

Here vP =  dL dt⁄  

P =  η [
16L

D2
+

пµD2

H3
 ]

dL

dt
                                                      

             
Pdt

η
=  [

16L

D2
+

пµD2

H3
 ] dL                                                                  

Integrating on both sides 

                                         
8L2

D2
+

пµD2

H3
L =  q̅                                                                         (7) 

where q̅ =  
1

η
∫ Pdt is the dimensionless total applied pressure at the end of the embossing. 

Rearranging and expressing the above equation as a quadratic in L/D yields 

                                         8 [
L

D
]

2

+ пµ [
D

H
]

3

[
L

D
] −  q̅ = 0                                                   (8) 

Considering α` = пµ/16, and solving for L/D yields 

                                         
L
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1/2
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where L̃ =  
L

D

[
q̅

8
]

1/2   is the reduced filling length, and α =  
80.5α`

q̅1/2
 is the reduced flow resistance 

term. Here, q̅1/2= [
1

η
∫ Pdt]

1/2

. As per Eq. (2), the term on the right gives normalized filling 

length (L/D) maximum. This (L/D) maximum represent maximum filling length for the given 

loading conditions. The lateral flow resistance coefficient µ was used as a fitting parameter 

to match the experimental results and the corresponding L̅ vs H/D plot is shown in Figure 

2.12. Based on the above analysis, a simple scaling analysis relating the viscous resistance 

contributions at the cavity entrance and applied pressure can be formulated as 

                           P ≈  [
16ηL

D2
]

dL

dt
  + [

пµηD2

H3
]  

dL

dt
                                                  (11) 

where µ is the lateral flow resistance coefficient and was used as a fitting parameter to 

match the experimental results (Figure 2.12). The first term in Eq. (12) corresponds to the 

flow resistance along the cavity length, and the second term corresponds to the lateral flow 

resistance (acting along the radius of the metallic glass disk). At large H (or H/D ratio) 

values, the second term becomes negligible and the equation reduces to Eq. (2). The second 

term becomes significant and starts to influence the filling process (Figure 2.9 and Figure 

2.12) when H becomes comparable or smaller than D. For convenience of integration, we 

consider H a time invariant (valid for samples with small thickness variation during 

embossing) and obtain the solution for Eq. (11) as   

                     L̃ =  −α [
H

D
]

−3

+  [α2 [
H

D
]

−6

+  1]

1/2

                                                 (12) 

where L̃ is the non-dimensional reduced filling length (Eq. (10)), and α is a non-

dimensional parameter related to lateral flow resistance µ in Eq. (11). L̃ is the L/D ratio 

obtained by solving Eq. (11) and normalized by the maximum L/D attainable for the given 

loading conditions. The maximum L/D is calculated from Eq. (2).  Eq. (12) can be used for 

any thickness while Eq. (2) is the upper bound and valid only for thick samples. Figure 

2.12 compares the experimental and calculated L̃ (Eq. (12)) values for varying H/D ratios. 

The experimental values match well with the theoretical calculations and Eq. (12) captures 

the observed thickness dependence in filling length. The H values on the abscissa 
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correspond to the thickness of the metallic glass measured after embossing. At all H/D 

values greater than 1, the observed filling length approaches the maximum filling length 

(i.e. L̃ = 1). But for H/D < 1, L̃ decreases with decreasing H/D indicating lesser filling for 

thin samples. The observed scatter in the measured L̃ at small H/D values is due to the 

machine compliance, which affects the actual area of contact between the heated plates and 

the metallic glass disk, and thus the applied pressure.  

 

Figure 2.12: Effect of metallic glass thickness on normalized filling length (L̅). 

Comparison of measured values (red squares), the existing theory (Eq. (3)), and the 

proposed model (Eq. (12)) [38].  

2.4.3 Buckling 

Another interesting effect of thickness is the buckling of metallic glass supercooled 

liquid. As shown in Figure 2.9, the thin metallic glass buckles/folds into the template cavity 

while the thick sample does not show any such instability. Though the observed thickness 

(geometric parameter) dependence of buckling hints towards its viscous nature, it is 

important to verify the absence or presence of an elastic contribution. A series of embossing 

experiments were performed by varying the initial thickness, load, and embossing time. A 

viscous buckling should only depend on the geometric factor while an elastic buckling 

requires a critical stress.  
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Metallic glasses, in their super-cooled liquid state can exhibit Newtonian/Non-

Newtonian flow behavior depending on the strain rates, during compression [13]. This 

poses two different scenarios for the observed buckling i.e. the observed buckling can be 

either viscoelastic or completely viscous. The scenario in hand i.e. the buckling or folding 

of a thin layer suspended on top of a viscous layer resembles the classical case of folding 

due to layer-shortening in multilayers, which is a well-studied phenomenon in geology [9, 

10, 11, 12]. Here the residual layer can be seen as the thin layer suspended on top of a 

viscous medium (metallic glass liquid in the cavity). The extreme cases of buckling of an 

elastic film on a viscous medium and buckling of a viscous film on a viscous medium as 

explained in detail in Biot et al. are considered to understand the observed buckling 

phenomenon [9].  

 

Figure 2.13: Thin film suspended on top of a viscous medium of viscosity(ηm) 

Consider the situation shown in Fig. 2.13 where a thin film of known thickness H is 

suspended on top of a viscous medium of viscosity ηm, and is under a compressive load P. 

The two scenarios explained above can be explained by considering the film as elastic and 

viscous. The in-plane compressive load P will result in out-of-plane deformation of the thin 

film only when the 

 

Using this relation, equations for dominant wavelength can be derived in terms of the 

geometric parameters (H), viscosity of the medium (ηm), Elastic Modulus (E) in case of 

elastic film or viscosity (η) in case of viscous film. The corresponding equations as detailed 
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by Biot et al. have been interpreted to design experiments to understand the observed 

buckling phenomenon [9]. The important interpretations are 

(i) In case of an elastic film on top of a viscous medium, the dominant wavelength 

is dependent on the compressive load P; whereas in case of a viscous film, the 

dominant wavelength is independent of the compressive load P.  

(ii) The case of viscous film also differs from the case of elastic film by the absence 

of a cutoff wavelength i.e. all the wavelengths will be amplified.  

(iii) The critical thickness of the thin film always scales with the wavelength  

It is interesting to note that the compressive load in this ideal buckling analysis should be 

equivalent to the component of applied load F that is resulting in the cavity filling. Also, 

the maximum half-wavelength that can be allowed should be equal to the diameter of the 

cavity (D).  The mold applies a geometric constraint on the range of wavelengths 

achievable. Figure 2.14 shows a plot between the non-dimensional final thickness (H/D) 

and load (F) normalized by the final disk area. The two sets of data points correspond to 

buckled (open squares) and unbuckled (filled squares) samples. As shown in the insets, the 

samples with no surface deformation were labeled as unbuckled, while any observable 

surface feature was considered as an indication of buckling. It is evident from Figure 2.14 

that (i) the unbuckled-to-buckled transition occurs at a critical H/D value in the range of 

~0.36-0.4 (i.e. geometric parameters govern the buckle formation) and (ii) the critical H/D 

value is independent of the applied load/pressure (i.e. there is no threshold stress for 

initiation of buckling). These observations suggest that the observed buckling is viscous in 

nature and elastic effects can be ruled out.  
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Figure 2.14: Normalized final thickness (H/D) as a function of maximum applied pressure. 

The buckled and unbuckled samples are labeled based on the SEM images like the ones 

shown as insets. The buckling is observed below critical H/D ratio irrespective of the 

embossing pressure [39].  

The embossing experiments always resulted in some amount of cavity filling prior 

to buckling. This can be envisioned as buckling of viscous metallic glass layer embedded 

between a rigid plate and viscous metallic glass column as schematically shown in Figure 

2.9a. The thin metallic glass layer is subjected to in-plane compression due to high lateral 

flow resistance. The buckling of thin viscous and elastic multilayers has been studied in 

geological [28-31] and self-assembly [26, 32] systems. The buckling wavelength (λ) can 

be predicted from the layer thickness and the ratios of viscosity (or elastic constant) values 

[29, 30]. In the current system, the presence of template cavity confines the maximum 

wavelength to 2D. The critical thickness corresponding to the buckling wavelength can be 

estimated as ~ λ/4 (=0.5D) from the model developed by Biot et al. [29] and Ramberg et 

al. [33]. Despite the different geometry in theoretical models, the calculated thickness 

(0.5D) for buckling is reasonably close to the observed value of 0.4D.  
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Description of the buckling phenomenon: 

The two different schematics shown in Fig. 2.15(1) and Fig. 2.15(2) depict the two 

extreme scenarios where the same time-varying load F(t) is applied on a cylindrical 

metallic glass resist of same initial radius (Ri) but different initial thicknesses h1 and h2 (h2 

<< h1). The metallic glass resists are embossed on to a mold with a single central pore of 

diameter D and depth large enough to avoid a scenario of complete filling. Fig. 2.15(1b, 

1c) shows the scenario where the instantaneous metallic glass liquid thickness (H) was 

always larger than the critical thickness required for buckling (Hc), and Fig. 2.15(2) shows 

the scenario where the H becomes smaller than the Hc. The deformation due to the buckling 

of the metallic glass liquid results in localized delamination of the metallic glass from the 

top plate as indicated by the red arrow in Fig. 2.15(2). 

 

 

Figure 2.15: Schematic depicting the effect of thickness during thermoplastic embossing. 

Though buckling is undesirable in template imprinting, we show that it can be 

harnessed in fabrication of metal microtubes (Fig. 2.16b). The metallic glass and the 
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template are pulled apart after formation of a buckle on the top of solid pillar. The buckle 

gets elongated resulting in formation of hollow metallic structure, which is subsequently 

cooled and fractured at room temperature. Fig. 2.16b shows an SEM image of 

representative sample fabricated using this procedure. The proposed methodology can be 

applied to multiple buckles to make an array of metallic microtubes, which otherwise 

require complex processing steps [34]. The opening of microtubes can be controlled by 

tuning the buckle size. Metal microtubes are desired for applications in transdermal drug-

delivery [35], microfluidics [36], and sensing [37]. The drug delivery application was 

explored, and the details are outlaid in the next section.  

 

Figure 2.16: (a) Schematic of cross-sectional view of buckle formation with a wavelength 

(λ). (b) Fabrication of hollow metallic structure by elongation of buckle. The SEM image 

of Pt-based metallic glass microtube produced by buckling and elongation is shown [38].  

2.5 Design and fabrication of hollow microneedles 

Microneedles are widely used in biomedical applications such as, transdermal drug-

delivery, cosmetics, fluid sampling, and neural electrodes. The use of microneedles in 

drug-delivery enabled the transport of substances which are challenging to absorb through 

oral consumption. The examples include high molecular weight compounds, hydrophilic 

molecules, and proteins [39]. The possibility of painless and safe administration of drugs 

and vaccines through transdermal route has generated increasing interest in new materials 

and methods for fabrication of microneedles with controllable tip shapes. Numerous 

techniques such as, injection molding [40], micromachining [41-43], electroplating [42, 

44], and lithography [44-46] have been used to produce solid and hollow microneedles 

from polymers [47], semiconductors [48], ceramics [49], and metals [42, 50].   

The specific functionalities of a microneedle (MN) depend on the intended 

application. For drug-delivery, the shape and size of needle are critical which allow 
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painless penetration of stratum corneum of the skin without touching the nerve fibers. 

Good electrical conductivity and charge transfer capacity are prerequisites for neural 

electrodes and stimulators [51, 52]. In addition, the material should be biocompatible and 

have good load bearing capacity (resilience = 1/2Eє2) and corrosion resistance. Owing to 

their suitable mechanical, electrical, and chemical properties, metals such as stainless steel, 

titanium, and nickel-alloys have been investigated for transdermal drug-delivery, neural 

probing and stimulation applications [42, 53]. Two main strategies used in fabrication of 

metal MNs are laser cutting and electrodeposition. Laser based technique involves cutting 

of needle shapes in a thin metal sheet followed by subsequent out-of-plane bending [54]. 

This approach is sequential and limited to solid MNs. Hollow metal MNs have been created 

by metal deposition on sacrificial polymer needles. However, multiple steps such as, 

fabrication of polymers needles, metal electrodeposition, and selective etching of polymer 

core are required [43]. Manufacturing of high aspect-ratio neural electrodes also requires 

lithography and metal electrodeposition. Therefore, there is a need for simple and versatile 

manufacturing technique for metallic microneedles in biomedical applications.   

Metallic glasses are amorphous alloys of metal elements which exhibit many 

physical and chemical properties like metals but can be thermoplastically processed like 

polymers and conventional glasses. The size-independent superior mechanical properties 

of metallic glasses such as high elastic strain limit (є~2%), Young’s modulus (E~100 GPa), 

and strength (> 500 MPa) can potentially facilitate load-bearing functionalities even at 

small scales. Furthermore, metallic glasses become viscous liquids at moderately high 

temperatures (~200-500oC) where they can be reshaped into complex micro- and nano-

scale geometries. The viscous liquid state has enabled successful adaptation of several 

plastic manufacturing techniques in metallic glasses such as, embossing, extrusion, rolling, 

and blow molding [55]. A recent advancement in thermoplastic manufacturing of metallic 

glasses includes fiber drawing that can offer several advantages relevant to fabrication of 

MNs and neural electrodes [42]. Drawing-based approach has been used for fabrication of 

polymer MNs [44] but this methodology is not applicable to crystalline metals due to lack 

of suitable rheological properties. Simply by varying the thickness of starting metallic 

glass, solid or hollow MNs can be fabricated without changing the mold. Thus, 

thermoplastic drawing offers several advantages over the existing techniques for 
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fabrication of MNs. The specific benefits include: (i) better control over the length, 

diameter, and tip shape of MN, (ii) ability to generate solid and hollow metal MNs without 

expensive lithography, and (iii) ability to produce high aspect-ratio conductive MNs 

attached to silicon for neural applications.  

 

Figure 2.17: SEM images of metallic glass microtubes at different magnifications. 

Figure 2.16 schematically illustrates the thermoplastic drawing procedure used for 

fabrication of hollow metallic glass MNs. When the thickness of metallic glass becomes 

smaller than Hc during embossing, the metallic glass layer buckles under compression (Fig. 

2.16b). The buckling results in formation of a depression in the top surface of metallic glass 

layer. The buckling-induced depression acts as a seed for formation of a hollow structure 

during subsequent drawing. Though buckling or folding of thin films is a well understood 

phenomenon [29], it has not been observed in metallic glasses. The details related to the 

buckling mechanism and the critical thickness have been explained in the previous section 

and elsewhere [38]. The critical thickness below which the metallic glass starts to buckle 

is related to the underlying cavity diameter (Dc). The SEM micrographs of hollow metallic 

glass MNs made through buckling and drawing are shown in Fig. 2.17. It was observed 

that the bore diameter (Dbore) of hollow MNs depends on the size of buckled feature. The 

buckled feature can be controlled through (i) the thickness of the metallic glass, (ii) the 

amount of metallic glass filled in the mold cavity prior to buckling, and (iii) the cavity 

diameter. By varying the buckle size, hollow MNs with inner diameters in the range of 2-

100 µm were achieved. Figure 2.18 shows the real-time images captured during the 

demonstration of a single hollow MN. The hollow MN was attached to a pre-fabricated 

fluidic device and water was flown through the system.  
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Figure 2.18: The hollow MN was mechanically attached to a fluidic device equipped with 

flow channels. Water was flown through the system and high magnification optical images 

demonstrating the flow of water (indicated by the red arrows) were captured.  
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APPENDIX 

A1. THICKNESS EVOLUTION EQUATION 

 

Figure 2.19: Schematic of cross-sectional view of the thermoplastic embossing procedure 

highlighting the change in thickness. 

A schematic of the cross-sectional view of a typical metallic glass compression molding 

procedure is shown in Figure 2.19. A cylindrical metallic glass sample of initial radius (Ri) 

and initial thickness (hi) is placed on a patterned template, which is heated to a temperature 

above the glass transition temperature of the alloy. A time-varying load F(t) = βt, where β 

is the ramping rate and t is the total time of loading, is applied. As a result, the metallic 

glass flows both laterally and into the template cavity, resulting in increase in the radius of 

the disk (or decrease in thickness) and the filling length. The equations for time evolution 

of the disk radius (R), and the length of filling (Lf) developed by Kumar et al. [2] are 

utilized as base equations for deriving the thickness evolution equation. The radius 

evolution is given by  

 

As stated earlier, the parameter of interest in this study is thickness of the metallic glass 

resist. By combining the radius evolution equation proposed by Kumar et al. (Equation 20 

in their work) and the volume-conservation constraint, a time evolution equation for 

thickness of the metallic glass has been formulated as  
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Where hi is the initial thickness of the disk, Ri is the initial radius of the disk, η(T) is the 

temperature-dependent viscosity, k is a conversion factor to negate the variance in mass of 

the samples, H is the thickness at any given time, and Q is a time-dependent accumulated 

load (≈
1

2
Ft =

1

2
βt2). As shown in Figure 9, the disk thickness initially reduces rapidly, 

and at later times during the pressing the rate of decrease in thickness decreases 

significantly. The initial thickness reduction from hi to 0.5hi requires an accumulated load 

of about 0.1η, whereas further reduction from 0.5hi to 0.25hi needs an excess accumulated 

load of 0.9η as indicated by the red arrows in Figure 2.20. The transition happens much 

faster (or at smaller Q values) in case of smaller hi, indicating an initial thickness-

dependence. The thickness evolution also hints at a two-stage deformation behavior for the 

flow of metallic glass liquid.  

 

Figure 2.20: Thickness evolution equation plotted as a function of the ratio of accumulated 

load and viscosity. 

A2. DESIGN OF EXPERIMENTS 

It is evident from the above equation that the residual thickness H is largely dependent on 

the initial thickness hi and accumulated load. A series of single cavity experiments have 

been designed to evaluate the nature of the observed buckling phenomenon and 

quantitatively evaluate the critical resist thickness that results in the buckling of the metallic 
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glass liquid. The schematic shown in Figure 2.21(a) essentially defines all the geometric 

and processing parameters. In this set of experiments, the time-varying load F and hence 

the accumulated load Q, initial thickness hi, and cavity diameter D were varied.  In case of 

a completely viscous effect, both force F and time t should have same effect on the 

transition from buckling to non-buckling. As shown in Figure 2.21, if the overall 

accumulated remains the same, lower load and higher time should have same effect as 

higher load lower time. This essentially explains that a viscous effect is geometry 

dependent, not load or stress.  

 

Figure 2.21: Geometric and processing parameters varied during the single cavity 

experiments. 
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CHAPTER 3 

HIGH-THROUGHPUT TENSILE TESTING: EXPERIMENTAL 

INVESTIGATION OF SAMPLE-SIZE AND EXTRINSIC EFFECTS 

Metallic glasses deform plastically through localized shear bands at room 

temperature. It is well established that shear banding process in metallic glasses depends 

on multiple parameters such as the elastic constants, the sample size, and the testing 

conditions (temperature, strain-rate, and loading geometry). Studying the effects of these 

variables and linking them to a unifying flow model is critical for fundamental 

understanding and potential applications of metallic glasses. This chapter details the size-

effects observed in the deformation behavior of tensile Pt-based metallic glass specimen in 

the diameter range 150 nm to 500 µm. In addition the effects of testing temperature and 

strain rate were also studied. Analysis of fracture morphologies show a gradual transition 

from shear band to homogeneous deformation with decrease in sample size. The shear band 

fracture morphology transitions from a combination of smooth region and vein pattern 

region to complete smooth region before the deformation behavior transitions to 

homogeneous or necking type deformation. It was observed that the critical sample size 

corresponding to complete smooth region and shear band to homogeneous transition is 

dependent on the testing temperature. In addition, a decrease in sample size has a similar 

effect as a decrease in testing temperature on both shear band and neck morphologies. This 

size-temperature equivalence was analyzed based on the existing plastic flow models.  

3.1 Introduction 

In the last decade, study of sample size effects on elastic, plastic, and fracture 

behavior of nanoscale metallic glass specimen has attracted significant research efforts [1]. 

Metallic glasses have attributes (e.g. exceptionally high elastic limit and yield strength, 

excellent formability) desirable for MEMS/NEMS [2], energy harvesting [3], medical 

device [4], and catalytic [5] applications. In addition, tensile nanoscale metallic glass 

samples deform homogeneously by averting shear localization [6]. In bulk tensile 

specimen, it is generally understood that a shear band initiates via structural softening, then 

propagates, slips, and transits into a crack through cavitation [7]. Different failure criterion 

(shear band nucleus size [10], elastic energy [8], and void nucleation/growth [9]) have been 

invoked to explain the observed size dependent shear band-to-homogeneous transition. 
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However, the universal applicability of these criterion has been questionable as the 

structural origin of these size-effects remains poorly understood with contradictory results 

being reported [1].   

A shear band mediated fracture in metallic glasses is generally associated with high 

propagation velocities, significant temperature rises, and unique fracture morphologies 

[11]. Since the first report of vein pattern was observed on tensile fracture surface of Pd-

based metallic glass by Leamy et al. [12] and later by several others [11, 13, 14], several 

experimental [13] and theoretical [15] studies have concentrated on understanding the 

formation of the vein pattern. It is generally understood that temperature rises during shear 

band slip, resulting in localized melting, and formation of vein pattern when the appropriate 

conditions for meniscus instability occur [11]. These conditions include characteristic 

dimensions (thickness and width) of the liquid-like layer (LLL), viscosity in the shear band 

region [15], and the presence of a normal stress component [15]. Previous investigations 

on thermomechanical analysis of shear band fracture showed that the characteristic lengths 

and times of LLL scales with sample size [15]. These size-effects are well understood in 

compression and bending, resulting in design of metallic glass composites with improved 

plasticity and fracture toughness [16]. However, concerning size-effects in tensile shear 

band fracture, little progress has been made except for the thermal profile changes observed 

in 20-50 µm thick Cu- and Zr- metallic glass ribbons [17]. This is largely because the 

tensile specimens are generally slip-cast (ribbons in tens of µm [17]) or FIB-machined 

(diameters in nm [9, 10]), which limit the range of sample dimensions tested. In this work, 

we employed thermoplastic drawing procedure and studied the shear band fracture 

behavior in a wide diameter range. We quantitatively analyzed the fracture morphologies 

and found that the shear band fracture show strong sample size and testing temperature 

dependence. The results were analyzed based on the existing shear band nucleation and 

propagation theories.  

3.2 Experimental Procedure 

As detailed in chapter 2, thermoplastic drawing has been employed in this work for 

high throughput fabrication of irradiation-free tensile specimen. This technique has been 

used in the past by Hasan et al. to fabricate sub-micron scale tensile specimen to evaluate 
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the size dependence of the deformation behavior [18]. The recent advancements include 

the ability to achieve desired sample shape and dimensions by tuning the processing 

parameters [19]. The flexibility of the drawing procedure was utilized in this study to 

fabricate dog-bone shaped tensile specimen of varying gauge diameter (D = 0.5 mm-150 

nm). In addition, several tensile specimens of same or different diameters can be fabricated 

simultaneously by using multicavity molds. This high-throughput fabrication procedure 

offers the advantage of fabricating and characterizing tens or even hundreds of specimens 

simultaneously. Tensile specimen of different diameters with similar thermal history were 

fabricated from the Pt-based metallic glass. Fig. 3.1 shows the representative SEM images 

of the high throughput samples with multiple tensile specimens. The molds (indicated by 

the red arrows) act as grips for anchoring the specimen in place during testing. The filled 

in portions of the metallic glass inside the mold helps in creating a strong mechanical bond 

with the mold. The silicon molds were chemically etched using KOH to examine the grip 

portions. The experimental procedure offers the flexibility to test these specimens at 

different temperatures and strain rates. As detailed in section 4.2, we used a custom-built 

tensile setup to vary the testing temperature. Sub-zero temperature was obtained using dry 

ice while high temperature was achieved by resistive heating . Thermal analysis was carried 

out on the tensile tested specimen to check the amorphous nature after the high temperature 

testing.  

The fractured specimens, as shown in Figure 3.1, were then subjected to SEM 

characterization to image the fracture surfaces. Figure 3.2a and 3.2b show the side-view 

images of necking/homogeneous fracture and shear band/inhomogeneous fracture, 

respectively. Inhomogeneous fracture in the examined size and temperature range show 

propagation of a 55 ± 50 shear band. This is consistent with the previous investigations [18] 

on the Pt-based metallic glass used in this study. This characteristic feature of the shear 

band is useful in testing the quality of the fabricated specimen as well. Figure 3.2c 

highlights the two distinct regions of a typical shear band fracture surface; a smooth region 

and a vein pattern region. The fracture morphologies were observed with SEM and relative 

fractions of smooth and vein pattern regions were used as the quantitative parameter to 

analyze the size-effects on the shear band fracture behavior.  
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A collage of fracture surface images indicating the observed size-dependence is 

shown in Figure 3.3. All the images correspond to testing at room temperature. Sections 

3.3 and 3.4 details the size-effects observed in the inhomogeneous/shear band regime while 

sections 3.5 and 3.6 discuss the homogeneous regime. Finally, the chapter concludes by 

stating the important findings regarding the sample size dependence of shear band stability 

and heat accumulation.  

 

Figure 3.1: SEM images of the tensile specimen fabricated from aluminum, steel and 

silicon molds and tested at different temperatures and/or strain rates using the experimental 

setup.  

 

Figure 3.2: (a) Side-view of necked specimen (b) Side-view of fracture specimen showing 

55 ± 50 shear band fracture. (c) Fracture surface of the specimen shown in (b) indicating 

the smooth and vein pattern regions.  
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3.3. Results: Shear Band Regime 

3.3.1 Room Temperature  

Figure 3.3 shows the SEM images of the tensile fracture surface of samples of 

different diameters (as indicated on the top left corners of the images) tested at room 

temperature (0.6Tg). A continuous transition from shear band mediated fracture to 

distributed shear flow, and eventually to necking is evident as the diameter decreases. In 

addition, the relative fractions of smooth and vein pattern regions varied with sample 

diameter in the shear band regime. In a shear band mediated fracture, the shear band 

propagates initially by slipping and then fractures by forming vein pattern when the 

conditions are favorable. The specific details about the shearing mechanism and formation 

of vein pattern are discussed in section 3.4.2.  

 

Figure 3.3: SEM images of fracture surfaces corresponding to different sample diameters 

(as indicated on the top left corners of the images) tested at room temperature (0.6Tg). 

While the vein pattern on the fracture surface indicates catastrophic fracture, the 

smooth region indicates stable propagation of the shear band. This smooth region 

corresponds to the initial slipping of the shear band and the length dimension corresponding 

to its size is generally known as shear offset (δS). As shown in the inset of Figure 3.4, it is 

the distance between the edge of the specimen to the start of the vein pattern. As shown in 

Figure 3.3, the fraction of the smooth region increases with decrease in sample diameter. 

The normalized shear offset (δS/D), defined as the ratio of the shear offset and the sample 

diameter, proved to be a useful parameter in understanding the size and temperature 
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dependence in the shear band regime. The D dependence of the normalized shear offset is 

shown in Figure 3.4.  

 

Figure 3.4: Normalized shear offset (δS/D) vs diameter of the specimen (D) plot 

corresponding to room temperature testing (0.6Tg).  The dotted line is included to guide 

the eye. The inset shows the SEM image for D = 14 µm highlighting the shear offset.  

The parameter (δS/D) represents the size of the smooth region and follows a 

“reverse S” trend with a minimum at all diameters greater than 30 µm (till 500 µm tested 

in this study). Once the D ≤ 30 µm, the value of the normalized shear offset starts to 

increase with decrease in diameter and saturates at D ~ 2 µm. At D ~ 2 µm, δS/D reaches a 

value of 1 and this corresponds to complete smooth region on the fracture surface as shown 

in Figure 3.3 (D = 1 µm and D = 500 nm). In addition, the characteristic features of the 

vein pattern itself are also different. The characteristic features of “radiating veins with 

smooth cores” [21], as indicated by the white arrows in Figure 3.5, are apparent only for 

the samples with D > 30 µm. Though core density, core diameter, and ridge gap values 

measured from these tensile fracture surfaces are not conclusive, it is evident from Figure 

3.4 that the normalized shear offset remains constant for all values of D > 30 µm.   
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Figure 3.5: SEM images of fracture surfaces of D = 150 µm tensile specimen showing 

characteristic radiating veins with smooth cores (as indicated by the white arrows).  

The smooth core and radial veins features were not observed at D ≤ 30 µm, and the 

normalized shear offset (δS/D) increases rapidly with further decrease in diameter and 

saturates at D ~ 2 µm. The fracture morphologies in this diameter range feature a smooth 

region and finger-like vein pattern (D = 3 and 16 µm in Figure 3.3) with the ridges of the 

veins pointing to the sample surface. This is similar to the observations from the model 

experiments of separating a viscous layer between two solid plates where the final rupture 

is due to the meniscus instability initiated in the viscous layer [21].  

The formation of vein pattern is entirely averted and the metallic glass shears 

continuously and results in complete smooth region at D ~ 2 µm. With further decrease in 

D (into nanoscale), the fracture surface fashions a complete smooth region until the 

deformation behavior transforms to homogeneous flow. An increase in amount of material 

participation in plastic deformation is an indication of brittle-to-ductile transition. As 

shown in Figure 3.3, a transition from shear localization to distributed shear flow 

deformation was observed at D ~ 400 nm. With further decrease in sample diameter, 

profuse necking starts to appear at D ~ 260 nm. To study the variation in neck appearance, 

samples with even smaller diameter were tested. The necking observed in these samples is 

distinctly different from the homogeneous deformation observed at high temperatures 

(above Tg) where the necking is driven by surface tension [29]. The specific details 

regarding the observed differences are discussed in the section 3.4. 

3.3.2 Effect of Temperature 

The effect of testing temperature on the deformation behavior was also studied. 

With some exceptions, sample sizes tested at room temperature (section 3.3.1) were also 
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tested at different temperatures in the range (433 K - 200 K). For clarity of information, 

Figure 3.6 shows only the results corresponding to three different temperatures: 433 K, 298 

K, and 200 K. It was observed that the measured δS/D values in the shear band regime at 

393 K were identical to the data from 298 K. It is evident that the testing temperature has 

negligible effect on the δS/D at large sample diameters, coinciding with the observation of 

“smooth core and radial veins” on the fracture surface (Figure 3.5). But at sample diameters 

D ≤ 30 µm, testing temperature has significant effect on the rate of increase of δS/D with 

D. For example, a 15 (±1) µm sample tested at 433 K, 298 K, and 200 K showed increasing 

shear offset fraction with decreasing testing temperature as shown in Figure 3.7. In 

comparison with the sample size effect on the δS/D, it can be interpreted that a decrease in 

sample size has an equivalent effect as a decrease in testing temperature.  

 

Figure 3.6: Normalized shear offset (δS/D) vs diameter of the specimen (D) plot 

corresponding to different testing temperatures: 433 K (0.8Tg), 298 K (0.6Tg), 200 K 

(0.4Tg). The dotted lines are included to guide the eye.   
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Figure 3.7: SEM images of fracture surfaces of 15 (±1) µm tensile specimen tested at 

different temperatures: 433 K (0.8Tg), 298 K (0.6Tg), 200 K (0.4Tg). 

The sample diameter range corresponding to complete smooth region (D ≤ 2 µm in 

Figure 3.3) also shifts to smaller diameters as the testing temperature increases. It is 

interesting to note that the critical sample size for shear band to homogeneous transition 

also shifts left with increase in testing temperature. For example, a 250 nm specimen (as 

shown in Figure 3.8) showed necking failure at 298 K and shear band fracture at 433 K. 

The shift in the critical sample sizes with temperature can be understood by analyzing the 

temperature dependence of the shear band nucleation and propagation.   

 

Figure 3.8: SEM images of fracture surfaces of 250 nm tensile specimen tested at different 

temperatures: (a) 298 K (0.6Tg), (b) 433 K (0.8Tg).  

3.4 Discussion: Shear Band Regime 

3.4.1 Defect-dominance  

The above results indicate that the sample diameter and testing temperature has no 

significant effect on the tensile fracture morphologies in metallic glasses at all large sample 

diameters greater (> 30 µm). In this size range, the shear band damage is dictated by the 

defects (smooth core and radiating veins) developed in the shear band region prior to 

fracture. Qu et al. [20] studied the tensile shear band mediated fracture in ductile Zr-based 
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metallic glass and showed that the shear band mediated failure is controlled by the 

combined effect of defects developed and heat generation in the shear band region. 

Accordingly, catastrophic fracture will be initiated even with small amount of heat 

generation when the defects are abundant within the shear band region. These defects can 

be voids grown out of free-volume buildup during yielding, chemical heterogeneities, or 

fabrication-related [20], and manifest as “smooth core and radiating veins” on the fracture 

surface.  

As shown in Figure 3.5, these features are predominant at all diameters greater than 

30 µm. This explains the temperature insensitivity of the normalized shear offset δS/D 

values at sample diameters D > 30 µm in Figure 3.6.  As the amount of heat required to 

initiate the fracture is less due to the presence of these defects, a small amount of slip could 

result in catastrophic fracture with formation of vein pattern. Though not conclusive 

enough, it was also observed that the density of these defects increased with sample 

diameter and the smooth core size increased with increase in temperature. Further 

investigation is required to understand the sample size and temperature dependence of the 

defect development.  

3.4.2 Size-Temperature equivalence  

For the purpose of explaining the size and temperature dependence of the fracture 

morphologies we will make recourse to the STZ based plastic deformation model of 

metallic glasses [36]. A simple schematic of various stages of the deformation model is 

shown in Figure 3.9. At an atomic level, plastic deformation is governed by the 

rearrangement of clusters of atoms referred to as STZs that are generally formed at weak 

sites such as excess free volume [2]. Formation of a critical STZ results in a localized strain 

field (shown as strain softened zone in Figure 3.9) and structural disordering which bias 

the formation of subsequent STZs in the vicinity. With further straining, the weakened zone 

extends into the specimen and the specimen will start to slip along the weakened plane. It 

is generally understood that temperature rises during the shear band slipping due to the 

friction between the two moving parts of the specimen. The temperature rise in the shear 

band region can result in localized melting of the metallic glass which ruptures under the 

applied stress and results in formation of the vein pattern on the fracture surface.  
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Quantification of the temperature rise in the shear band region has been challenging 

as direct measurement of the temperature rise has not been achieved. This is because the 

time scales associated with the heat accumulation are in the order of nanoseconds [23], and 

way beyond the resolution of the temperature-probing devices. To address this, 

Lewandowski et al. came up with an ingenious way by coating the metallic glass specimen 

with tin (in their case) to estimate the temperature rise [24]. Spherical droplets of tin were 

observed near the shear band regions on the surface of the bent metallic glass specimen, 

which indicates local melting of the coating. This proves that the temperature rise is at least 

as high as melting temperature of the tin (2500C). Theoretical analysis developed based on 

these observations showed that the temperature rise in the shear band region can be high 

enough to result in localized melting of the metallic glass and can result in formation of 

vein pattern when the appropriate conditions for meniscus instability occur [24, 33]. These 

conditions typically include characteristic dimensions (thickness and width) of the LLL 

[32], viscosity in the shear band region [33], and the presence of the normal stress 

component [34]. A propagating shear band will always be under a crack opening stress (as 

indicated by the green arrows in Figure 3.9) which further weakens the material locally and 

results in catastrophic fracture of the specimen.  

 

Figure 3.9: Schematic of the STZ-based plastic deformation in metallic glasses drawn to 

assist in visualization of the vein pattern formation.  
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It is evident from Figure 3.4 and Figure 3.6 that both the sample diameter and 

testing temperature have significant effect on the tensile fracture morphologies at all D ≤ 

30 µm. In addition, a decrease in the sample size has the same effect as a decrease in testing 

temperature. The fracture morphologies transition from hot and unstable shear bands (with 

formation of vein pattern) to cold and stable (without formation of vein pattern) as the 

sample size and/or temperature decreases. Hence the term size-temperature equivalence is 

relevant in qualitatively describing the observed trend. This size-temperature equivalence 

in shear band mediated fracture is well understood in confined loading scenarios like 

bending and compression. For example, RT Qu et al. observed that a decrease in sample 

size results in stable shearing and the fracture surfaces show reduced vein pattern during 

compression of millimeter range Zr-based metallic glass specimen [34]. It was also 

observed that a decrease in sample size resulted in smaller serrations on the stress-strain 

curve. They argued that a decrease in sample size decreases the elastic energy release per 

unit shear time and results in limited temperature-rise in the shear band region [9, 10, 34]. 

Thus, the shear deformation turns more stable and colder with decrease in sample size. 

Similar observations were made during compression and bending (chapter 4) of metallic 

glass specimen at cryogenic temperatures. Smaller serrations and larger shear offsets were 

reported. The delayed vein pattern formation due to lowering of testing temperature was 

explained based on the LLL [15] theory. Therefore, we can interpret that both sample size 

and testing temperature have similar effect on the shear band mediated fracture of metallic 

glasses and both can be understood based on the temperature-rise in the shear band region.  

The following is an attempt to comprehend the observed size-temperature 

equivalence based on the energy dissipation and LLL theories. For convenience of 

argument, energies corresponding to initial and final stages of shear band fracture were 

considered. In an ideally brittle material, a crack propagates only if the crack is supplied 

with mechanical energy (driving force) larger than the specific energy required to create 

two new surfaces (Griffith criterion). For convenience of argument, energies corresponding 

to initial and final stages of shear band fracture were considered. By analogy with Griffith 

criterion, an incipient shear band propagates only if the elastic energy (EElastic) stored before 

yielding is larger than the shear band energy (ESB). The adaptation of this analysis to shear 

band propagation has been useful in explaining the size dependent shear band to 
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homogeneous transition [10]. However, the developed phenomenological models cannot 

capture the changes in the shear band regime (section 3.3), where the driving force is much 

larger than the minimum specific energy required to create two new surfaces. In terms of 

the sample size D, the EElastic can be expressed as 𝐸𝐸𝑙𝑎𝑠𝑡𝑖𝑐 =   𝑒𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝐷3 where eElastic is the 

elastic energy per unit volume stored in the specimen and is a function of the engineering 

stress and strain of the metallic glass. The ESB can be expressed as  𝐸𝑆𝐵 =   𝑒𝑆𝐵𝐷2 where 

eSB is the specific surface energy of the shear band. Clearly, we can see that the elastic 

energy term increases at a much higher rate than the shear band energy term as the sample 

size increases. All this excess energy needs to be dissipated in the shear band region. 

Continuum mechanical considerations of brittle cracks in amorphous polymers suggests 

that a straight crack attains increasingly higher velocities for increasing mechanical 

energies [21]. This could be one of the reasons for wide range of shear band propagation 

(or slipping) velocities reported in the literature [22]. In a very simplified system where 

there is no crack bifurcation and all the energy is spent in propagation of the crack, the 

qualitative relation between slipping velocity (VS), elastic energy (EElastic), and shear band 

energy (ESB) can be expressed as [21]: 

𝐸𝑆𝐵 =   𝐸𝐸𝑙𝑎𝑠𝑡𝑖𝑐 [1 −
𝑉𝑆

𝑉𝑅
]                                                         (3.1) 

Here, VS is the slipping velocity and it corresponds to the rate of formation of shear offset 

(smooth region) on the fracture surface. VR is the Rayleigh wave speed which corresponds 

to the maximum speed a crack (shear band in our case) can attain. In case of cracks, this is 

a material-independent property. In case of the metallic glasses, the limiting case for 

attaining this velocity correspond to the scenario where ESB is zero i.e. a propagating shear 

band can easily bifurcate and fracture into fragments. In terms of the sample size D, Eq. 

(3.1) can be expressed as  

𝑉𝑆

𝑉𝑅
= 1 −  

𝐷0

𝐷
                                                                            (3.2) 

where  

𝐷0 =  
𝑒𝑆𝐵

𝑒𝐸𝑙𝑎𝑠𝑡𝑖𝑐
                                                                         (3.3) 
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D0 here has the same dimensions as D and is the diameter for which the slipping 

velocity VS = 0 i.e. there will be no slipping and the shear band cannot propagate when the 

sample diameter D ≤ D0. Physically, D0 corresponds to the critical sample size where the 

shear band to homogeneous transition takes place. Eq. (3.3) is same as the critical sample 

size derived based on the shear band propagation model [35]. Therefore, the energy-based 

propagation model developed in [35] is a limiting case for Eq. (3.1).  

It is evident form Eq. (3.2) that VS increases as the sample diameter D increases i.e. 

shear band slips at increasingly higher velocities for increasing mechanical energy. In terms 

of the temperature rise, this means that the heat accumulates faster in the shear band region 

which can be the reason for increased vein pattern formation as the sample size increases. 

Though this explains the size dependence observed in Figure 3.4, it cannot explain the 

temperature dependence observed in Figure 3.6. A similar conclusion about the 

temperature-rise and vein pattern formation can also be drawn from the LLL analysis. 

Based on the Lewandowski’s thermomechanical model [24], Miracle et al. [23] derived an 

expression for the time (tL) for which a certain temperature (taken as Tg in this case) is 

retained in a given zone around the shear band as: 

                     𝑡𝐿 = 𝐶 [
𝛿𝑆

(𝑇𝑔 − 𝑇)
]

2

                                                                   (3.4) 

where C combines the material parameters involved in theoretical analysis of the shear 

band as a planar heat source [24], T is the testing temperature, and δS is the shear offset. 

Here, tL determines the viability of the heat accumulation and thus the formation of the 

LLL. Therefore, formation of vein patterns on the fracture surface is observed only if tL is 

large compared to the time over which heating occurs i.e. the shearing time (tS). If tL is 

smaller than tS, the heat generated in the shear band region dissipates and results in 

continuous shearing of the specimen.  

In the scenario where LLL forms and results in fracture of the specimen, the shear offset 

can be expressed as  

𝛿𝑆 =  𝑉𝑆𝑡𝐿                                                                     (3.5) 
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Eq. (3.5) is valid only when δS ≤ D i.e. the maximum value δS/D can assume is 1. 

Substituting Eq. (3.2) and Eq. (3.4) in Eq. (3.5) yields 

𝛿𝑆 =  𝑉𝑅 [1 −  
𝐷0

𝐷
] 𝐶 [

𝛿𝑆

𝛥𝑇
]

2
                                                      (3.6) 

Solving and rearranging Eq. (3.6) yields 

𝛿𝑆

𝐷
=  

𝛼𝛥𝑇2

𝐷 − 𝐷0
=

𝛼

{
𝐷 −  𝐷0

𝛥𝑇2 }
                                                                    (3.7) 

where  𝛼 =  (𝐶𝑉𝑅)−1 combines material properties from LLL analysis and Rayleigh wave 

speed from the energy analysis. Eq. (3.7) combines the effect of sample size D and 

temperature T on the parameter (δS/D) shown in Figure 3.4 and Figure 3.6. To further 

analyze the size-temperature equivalence, the sample diameters corresponding to different 

normalized shear offset values were normalized by the temperature term as shown in Eq. 

(3.7). The experimental data in Figure 3.6 corresponding to different temperatures 

collapsed onto one curve when the sample diameter D was replaced with (D – D0) / (ΔT)2, 

and the plot is shown in Figure 3.10. The normalized smooth region increases with decrease 

in the normalized diameter term, as evident from Eq. (3.7) as well. D0 is the diameter at 

which transition from shear banding to necking happens. We do know the experimental 

values at 298 K and 433 K. The value is 400 nm at 298 K and 210 nm at 433 K. Since we 

do not have D0 value corresponding to 200 K, 1 µm was used to fit the trend. For 

comparison, Eq. (3.7) was also plotted (solid line in Figure 3.10). We can readily see that 

the proposed equation explains the collapse of the data and gives a semi-quantitative 

description of the observed trend. Eq. (3.7) accurately captures the trend at sample 

diameters where the testing temperature has maximum effect. Apart from being an 

approximate model, one possible reason for the deviation at smaller diameters can be the 

temperature dependence of the parameter 𝛼. From Eq. (3.7) it is evident that the stability 

of a shear band is a function of size (D) and testing temperature (T), and both these 

parameters can be varied to increase the stability of shear band and delay the fracture. This 

is an interesting finding as the shear banding process changes from catastrophic 

propagation to stable propagation before finally transitioning to homogenous deformation 
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with decreasing sample size.  For example, as shown in Figure 3.6, the critical diameter for 

transition at 298 K is 400 nm and 433 K is ~200 nm. It is clear that the higher temperature 

is promoting shear band propagation, and one needs to go to smaller sample sizes to 

observe the transition. Though our experimental procedure did not facilitate sub-zero 

testing of nanoscale specimen, the trend shows that even a micron sized sample can show 

necking at cryogenic temperatures.  

 

Figure 3.10: Normalized shear offset (δS/D) vs adjusted sample size data corresponding to 

three different temperatures: 433 K, 298 K, and 200 K. The solid correspond to Eq. (3.7).  

3.5 Results: Homogeneous Regime 

An increase in amount of material participation in plastic deformation is an 

indication of brittle-to-ductile transition. As shown in Figure 3.3, a transition from shear 

localization to distributed shear flow deformation was observed at D ~ 400 nm at room 

temperature. With further decrease in sample diameter, profuse necking starts to appear at 

D ~ 260 nm. To study the variation in neck appearance, samples with even smaller diameter 

were tested. The SEM images of the fractured specimen are shown in Figure 3.11a. The 

necking observed in these samples is distinctly different from the homogeneous 
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deformation observed at high temperatures (above Tg) where the necking is driven by 

surface tension [19]. Following the work of Yi et al. [10], true strain values (εT = 

ln(D2/DL
2)) at different normalized distances (L/D) along the length of the neck were 

measured, where D is the diameter of the specimen and DL is the diameter in the neck at a 

known distance L from the final failure site (tip of the neck). Figure 3.11b shows the 

corresponding plot for different sample diameters shown in Figure 3.11a.  

 

Figure 3.11: (a) SEM images of fracture surfaces of room temperature tested specimens 

in the diameter range: 500 nm to 150 nm. (b) True strain vs normalized neck length (L/D) 

plot of samples shown in (a). The solid lines are included to guide the eye.   

A shear fractured sample (D = 500 nm) was also shown for comparison. While the 

shear fractured specimen did not show any change in εT along the gauge length, samples 

deformed in homogeneous way showed prolonged necks and the normalized final neck 
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lengths of the neck increased with decrease in sample diameter. This shows that the 

stability of the neck and thus the ductility of the metallic glass increase as D decreases. 

This is consistent with the previous investigations on Pd-based metallic glasses [10].   

3.5.1 Effect of Temperature: 

The chosen experimental procedure limited the sub-zero testing of nanoscale 

specimen, but an additional higher temperature 393 K was tested to study the effect of 

testing temperature on the neck appearance. The resulting true strain (εT) vs normalized 

neck length (L/D) plot for a sample diameter of 150±10 nm is shown in Figure 3.12. The 

final neck length increases from 2D to ~5.5D as the testing temperature decreases. From 

Figure 3.11 and Figure 3.12 it is evident that a decrease in sample size or testing 

temperature results in increase in overall length of the neck.  

 

Figure 3.12: True strain vs normalized neck length of 150 nm diameter specimen tested at 

four different temperatures: 520 K (above Tg), 433 K, 393 K, and 298 K. The dotted lines 

are included to guide the eye.   
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3.6 Discussion: Homogeneous Regime 

The STZ-based deformation model discussed in section 3.4 can be utilized to 

comprehend the shear band to homogeneous transition observed in Figure 3.11. Based on 

the collective dynamics of STZs, Schuh et al proposed a three-stage mechanism to explain 

the inhomogeneous to homogeneous II transition observed in high strain rate 

nanoindentation experiments [36]. This model depicts the fundamental distinction between 

the viscous deformation initiated homogeneous (I) flow at high temperatures and low strain 

rates, and the shear band nucleation controlled homogeneous (II) flow observed at 

temperatures below the glass transition and very high strain rates. Figure 3.12 compares 

the true strain (εT) vs normalized neck length (L/D) data corresponding to samples of 

diameter ~150 nm tested at 4 different temperatures: 298 K, 393 K, 433 K, and 520 K 

(above Tg). Although at first glance it looks like the normalized neck length decreases with 

increasing temperature, we observed that the size-dependence of the L/D at 298 K and 520 

K is distinctly different. As shown in Figure 3.12, the L/D increases with decrease in sample 

size D at 298 K whereas it decreases with decrease in sample size at 520 K due to the 

pinching effect caused by surface tension of the metallic glass liquid [29]. Therefore, the 

homogeneous deformation we observed in the nanoscale samples should be 

mechanistically different from the one observed above Tg. We believe the homogeneous 

deformation observed in the nanoscale specimen in this work, and by several others [7-10] 

should be the shear band nucleation controlled homogeneous II behavior. The temperature 

dependence of the L/D observed in Figure 3.12 backs the claim and can be qualitatively 

understood based on the Schuh’s three-stage deformation model [36]. The first stage 

corresponds to formation of a STZ in the amorphous matrix, followed by localization of 

strain and formation of additional STZs during the second stage. This localized collection 

of multiple STZs is considered a ‘shear band nucleus’ or an ‘embryonic shear band’. The 

third stage corresponds to the transition from the shear band nucleus to a ‘bonafide shear 

band’ (i.e. a propagating shear band), which is an autocatalytic process and is characterized 

by the strain rate mismatch between the shear band nucleus and the bulk [36]. As we are 

primarily interested in the temperature dependence, the strain rate ratio (Г0̇) in the shear 

band nucleus to that of the bulk can be simply expressed as:  
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Г0 =̇  
𝛾�̇�

�̇�
 ∝ 𝑒𝑥𝑝 (

𝐾

𝑇
)                                                                           (3.8) 

where 𝛾�̇� is the strain-rate in the shear band nucleus, �̇� is the strain-rate in the bulk, and K 

corresponds to the elastic energy stored in the shear band nucleus because of the localized 

STZ operation [36]. The above relation has been useful in understanding the temperature 

dependence of the shear band nucleation in bending (chapter 4). According to Eq. (3.8), a 

decrease in temperature favors easier shear band nucleation. In terms of energy, this means 

that it is energetically favorable to nucleate additional shear bands at lower temperatures 

when an already nucleated shear band cannot propagate to its full extent.   

The observed temperature dependent shear band to homogeneous transition in 

Figure 3.8 can be qualitatively understood by considering necking as activation of multiple 

closely spaced shear bands. A 250 nm specimen deformed through propagation of shear 

band at 433 K and by necking at 298 K. Let us consider a metallic glass specimen with a 

shear band nucleus. The specimen will accommodate the applied strain by activating the 

shear band nucleus or by nucleating additional shear band nuclei. The activation of a shear 

band nucleus involves propagation of the shear band and it depends on the elastic energy. 

As discussed in section 3.4, the elastic energy decreases with sample size and propagation 

becomes less favorable in smaller samples. On the other hand, nucleation of shear bands 

depends only on testing temperature and it is evident from Eq. (3.8) that nucleation is 

promoted at lower temperatures. Therefore, the specimen favored accommodating the 

additional strain by nucleating additional shear band nuclei at 298 K. As nucleation of 

additional shear band nuclei was difficult at higher temperatures, the specimen tested at 

433 K kept re-activating the existing shear band nucleus and resulted in shear localized 

fracture.   

3.7 Results: Strain Rate effects 

 Strain rate is frequently discussed in combination with temperature effects in 

deformation behavior of metallic glasses. An increase in testing temperature has similar 

effect as a decrease in strain rate, and shear band to homogeneous transition has been 

observed even at room temperature at very low strain rates [37]. This can be understood 

based on the free volume analysis discussed in chapter 1. At very low strain rates, fee 
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volume annihilation dominates and averts localization of strain. This results in increased 

material volume participation during deformation. Mechanistically, this is similar to the 

temperature and sample size effects discussed in here. The experimental set up used in this 

study facilitates testing of strain effects in combination with sample size effects. The effect 

of strain rate on shear band to homogeneous transition has been studied in the past [38]. 

Even in a sample as small as 80 nm, an increase in strain rate resulted in transition from 

necking to shear localization [38]. In this section, strain rate effects on the shear band 

fracture morphologies of Pt-based metallic glass has been studied in samples of different 

size (D) and testing temperature (0.6Tg and 0.8Tg) are studied. Figure 3.12 and Figure 3.13 

shows the normalized shear offset area as a function of sample diameter at two different 

strain rates tested at room temperature (0.6Tg) and higher temperature (0.8Tg). It is evident 

that the relative fraction of smooth region is higher at higher strain rates only at 0.8Tg. 

Though more substantial experimental data at additional sample sizes and testing 

temperatures is desirable to effectively comprehend the observed strain rate dependence, 

the observed results can be a good direction to explore in the future and contribute to a 

unified theory.  

 

Figure 3.13: Normalized shear offset vs diameter of the specimen (D) plot corresponding 

to different strain rates (0.01 s-1 and 1.00 s-1) at room temperature. Sample sizes 

corresponding to shear band regime are evaluated. The dotted lines are included to guide 

the eye.   
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Figure 3.14: Normalized shear offset vs diameter of the specimen (D) plot corresponding 

to different strain rates (0.01 s-1 and 1.00 s-1) at higher temperature. Sample sizes 

corresponding to shear band regime are evaluated. The dotted lines are included to guide 

the eye.   
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CHAPTER 4 

BENDING: EXPERIMENTAL INVESTIGATION OF EXTRINSIC 

EFFECTS 

In summary, bending plasticity and shear band characteristics of Zr-based, Pt-based, and 

Pd-based (only shear band angle) metallic glasses (metallic glasses) were studied at 

cryogenic and elevated temperatures (till respective glass transition temperatures). 

Plasticity of Zr- and Pt-based metallic glasses decreased with increasing temperature which 

was a consequence of reduced shear band nucleation and critical propagation length. 

Increase in testing temperature affects the shear band nucleation by reducing the early stage 

localization of STZs which was explained in terms of the nucleation model proposed by 

Schuh et al. Elevated temperatures also promote the shear band to crack transformation 

resulting in early fracture. The temperature effects on critical shear offset were analyzed 

based on the liquid-like layer hypotheses for crack opening. In addition, the shear band 

angle increased with increase in testing temperature in case of Zr- and Pd-based metallic 

glasses. This temperature-dependence was discussed in terms of the pressure-sensitivity of 

these alloys.  

Note: Some of the results and discussion presented in this chapter are also discussed in the 

following journal publication: 

Meduri, C., Hasan, M., Adam, S., & Kumar, G. (2018). Effect of temperature on shear 

bands and bending plasticity of metallic glasses. Journal of Alloys and Compounds, 732, 

922-927. https://doi.org/10.1016/j.jallcom.2017.10.276.  

4.1 Introduction 

At room temperature, metallic glasses deform plastically through localized shear 

bands [1-4]. The specific details about the shear band mediated deformation in metallic 

glasses has been discussed. This section aims to briefly review the literature corresponding 

to the temperature dependence of the plasticity in metallic glasses. In confined geometries 

like compression and bending, catastrophic propagation of a single shear band can be 

averted, and formation of multiple shear bands has been experimentally observed [4-6]. 

Though a single shear band is 10-20 nm in thickness, formation of multiple shear bands 

results in increased active metallic glass volume participating in plastic deformation. This 

resulted in observable increase in plasticity. Therefore, number of shear bands is 

https://doi.org/10.1016/j.jallcom.2017.10.276
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considered a good indicator of intrinsic plasticity in metallic glass [4-8]. In addition, 

formation of multiple shear bands also resulted in increased fracture toughness in certain 

metallic glass [7,8]. Consequently, several research efforts have concentrated on 

controlling of shear bands i.e. understanding nucleation and propagation in metallic 

glasses. The effects of alloy composition, structure, and processing have been extensively 

studied to investigate the structural origin of the shear banding process [4,9-16]. In 

addition, extrinsic factors such as testing methodology, temperature/strain-rate, and sample 

size are known to strongly influence the shear banding process and overall plasticity of the 

metallic glasses [22-29]. As earlier shown by Spaepen [2] and confirmed by others [30-

32], the effects of temperature and strain-rate on the flow behavior of metallic glasses can 

be summarized in a deformation map by Spaepen [23]. The two flow regimes, localized 

and homogeneous, have been explained based on competition between the time scales for 

structural relaxation and disorder creation during deformation. Though it is generally 

understood that metallic glasses deform homogenously at high temperatures (close to glass 

transition), the effect of testing temperature in the localized shear band regime (below glass 

transition) remains controversial. Significant enhancement in plasticity has been reported 

in several metallic glass formers tested at cryogenic temperatures [33-36]. Stress-strain 

curves become non-serrated at cryogenic temperatures while the plastic flow is still 

accommodated by multiple shear bands [40-42]. These findings have been attributed to 

increased nucleation and retarded propagation of shear bands at low temperature. Effect of 

testing temperature on shear band propagation in metallic glasses has been directly 

measured from the displacement rate at different temperatures [40]. Substantial reduction 

in shear band speed with decreasing temperature has been reported. C. Wang et al. [43] 

have analyzed fracture surfaces and observed that the temperature-dependent bending 

plasticity in metallic glass alloys scale with the length of the stable shear region on the 

fracture surfaces. In contrary, some metallic glasses exhibited brittle behavior at very low 

temperatures [38]. This unusual temperature dependence has been attributed to additional 

secondary relaxation spectra observed in these alloys at cryogenic temperatures. For 

example, it was demonstrated that the plasticity and shear band nucleation in metallic 

glasses, can be correlated with the fast-secondary βl relaxation process observed below 

glass transition [39]. Isochronal DMA analysis carried out on various metallic glasses has 
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shown distinctive fast βl and a relatively slow β secondary relaxation peaks in addition to 

usual α peak at Tg. They observed a peak in compressive plasticity, and visible multiple 

shear bands right around the temperature corresponding to the βl peak, with the plasticity 

decreasing as we move away from the peak temperature. A ductile metallic glass possesses 

smaller ratio (relative ratio of activation energies for the βl and β relaxation 

processes) and smaller activation volume, which render easy activation of STZ events 

during yielding. In addition, it has been reported that the enhanced plasticity associated 

with nucleation of multiple shear bands at low temperatures can be an artifact resulting 

from compliance developed at the sample-anvil interface during compressive loading [39]. 

Though the additional machine stiffness can alter the energy dissipation in the system, it 

remains unclear why such an artifact will have a temperature dependence reported in 

cryogenic studies of metallic glasses.  

Analysis of fracture surfaces has been an effective way of analyzing the effect of 

testing temperature [33, 35, 37, 40]. The increased shear band density observed in metallic 

glasses fractured at low temperatures is attributed to enhanced nucleation [33,35,37,40]. 

However, this correlation is inconclusive as samples tested at different temperatures 

fracture at different strains and the nucleation of shear bands is a sequential process. 

Ideally, the samples deformed to a fixed strain value at different temperatures should be 

compared to study the effect of temperature on shear band nucleation. Such controlled 

experiments are difficult in uniaxial compression due to irreproducibility of shear bands 

formed in such tests [41]. In contrast, bending creates controllable shear bands which are 

suitable to study the effect of testing temperature. In this chapter, bending experiments 

were performed on Pt-, Zr-, and Pd-based metallic glasses from liquid nitrogen to glass 

transition temperatures to investigate the effect of temperature on shear bands and the 

plasticity. Fracture analysis was carried out to obtain information about some of the shear 

band characteristics such as density, spacing, length, angle, and shear offset.  

4.2 Experimental Procedure 

The Pt- and Pd-based metallic glasses were synthesized by water quenching technique 

described in detail in chapter 2. Zr-based metallic glasses was acquired from LiquidMetal 

Technologies LLC. Amorphous state of these alloys was verified using DSC. The glass 


ElE
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transition (Tg), crystallization onset temperature (Tx), and Poisson’s ratio (ν) for these 

alloys are listed in Table 2.1. Rectangular plates of desired thickness were prepared by 

thermoplastic forming followed by water quenching to ensure similar thermal history. 

Thickness (t) of plates was 0.7 mm for Zr- and Pd-based, 0.7 and 1.5 mm for Pt-based 

samples. The thinner samples for Pt-based metallic glasses were used for the same strain 

experiments while thicker samples were used to achieve higher fracture strain in our 

bending setup. The samples were bent around the mandrels of varying radii (r) as shown 

in Fig. 4.1 in a sequential matter, starting from higher to lower radius. 

 

Figure 4.1: Custom-built bending setup used in present experiments. The testing 

temperatures from 77 K to 550 K were achieved using liquid nitrogen and high temperature 

heating elements [50]. 

The radii corresponding to the fracture of the samples were recorded. The bending strain 

was calculated from the radii and the sample thickness using the formula as described in 

the work of Connor et al. [7]. 

є =
𝑡

2𝑟
 

As shown in Fig. 4.1, we used a custom-built mandrel setup that can be heated or cooled 

to vary the testing temperature. The sub-zero temperatures 77 K and 200 K were obtained 

using liquid nitrogen (LN) and dry ice (DI) respectively, and higher temperatures were 

achieved by resistive heating cartridges. Thermocouples slotted close to the test samples 

were used to accurately measure the testing temperature. The bending time in all cases 
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were shorted than the relaxation and crystallization times at every testing temperature. 

Therefore, it is safe to assume that the as-quenched glassy state was retained during the 

mechanical testing. The samples tested at higher temperatures were carefully observed for 

any oxidation related damages. No visible discoloration was noted.  

4.3 Results and Discussion: Temperature effects 

Table 4.1 details all the fracture strain and shear band characteristic results of Zr-and Pt-

based metallic glasses. Fracture strain (є), shear band spacing (λ), shear band length (l), 

shear offset (δ), and shear band angle (θ) results are discussed in the following sections.  

Table 4.1: Zr-and Pt-based metallic glass bending results 

Alloy- 

Temperature 

(K) 

Spacing, λ 

(µm) 

Shear offset, δ 

(µm) 

length, l 

(µm) 

Fracture strain 

(%) 

STDEV  

(%) 

Zr-77 29 5 360 12 1.2 

Zr-200 48 2 250 7 1.4 

Zr-298 63 1.75 200 5 0.8 

Zr-423 80 1.4 120 3.6 0.5 

Zr-473 67 0.5 120 3.3 0.3 

Zr-523 77 0.35 90 3.7 0.5 

 

4.3.1 Fracture Strain (є):  

Fig. 4.2b shows the fracture strain of Zr- based and Pt-based metallic glasses tested at 

different temperatures. The fracture strain values are an average of at least three bend tested 

conducted at every temperature. The corresponding SEM images of the Zr-based metallic 

glasses are shown in Fig. 4.2a. As expected, the metallic glasses deformed homogeneously 

through viscous flow without fracture at all temperatures above ~0.8Tg and the SEM 

analysis of the fracture surfaces showed no signs of shear bands. But at all temperatures 

below 0.8Tg, the samples deformed in a shear localized manner by propagation of shear 

bands as evident from the SEM images. In this regime, the fracture strain decreased 
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continuously with increasing temperature. The fracture strain decreased from 12% to ~2% 

for the Zr-based, and from 21% to 9% for the Pt-based metallic glasses with increasing 

temperature. The lower fracture strain in Zr-based metallic glasses as compared to Pt-based 

is a result of different elastic constants. Metallic glasses with higher Poisson ratio or lower 

shear modulus to bulk modulus ratio tend to be more ductile [4]. Increase in the bending 

plasticity with decreasing testing temperature observed here is consistent with the previous 

investigations on other metallic glass formers tested in compression [33-35]. As discussed 

later, these results cannot be explained by the temperature dependence of elastic constants 

alone. It is generally understood that the overall plasticity of metallic glasses is controlled 

by the nucleation and propagation of shear bands before one of them becomes an unstable 

crack and result in failure [1]. To understand the correlation between the temperature-

dependent plasticity and shear band activity, the tensile thickness side and fracture surfaces 

of the fractured samples were analyzed using SEM.   
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Figure 4.2: (a) SEM images of Zr-based metallic glasses fractured specimen tested at 

different temperatures. (b) Temperature dependent fracture strain of Zr-based and Pt-based 

metallic glasses measured at temperatures from ~0.1Tg to 0.8Tg. The data in homogenous 

flow regime are not shown as the samples did not fracture [50]. 
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4.3.2 Shear band spacing (λ) and length (l):  

Fig. 4.3a shows the SEM images of the tensile side of 0.7 mm thick Zr-based metallic glass 

samples fractured at various temperatures. Noticeable changes observed in the shear band 

spacing (λ) and shear band propagation length (l) due to temperature variation are 

quantified in Fig. 4.3b. Shear band spacing (λ) increased or equivalently the shear band 

density decreased with increasing temperature. The propagation length (l) of the shear 

bands (as mentioned in Fig. 4.3a) at fracture became shorter at higher temperature. As 

discussed later, the critical shear offset is an indicator of intrinsic plasticity in metallic 

glasses [7, 43] and is proportional to the shear band propagation length. Therefore, decrease 

in propagation length suggests that the metallic glass becomes less resistant to crack 

formation at elevated temperatures. Similar trends were also observed in 1.5 mm thick Pt-

based metallic glasses tested in a similar temperature range. The corresponding 

representative SEM images are shown in Fig. 4.4. There is a clear indication of secondary 

shear bands extended along the thickness of the sample and the shear band densities in 

these Pt-based samples are larger than the Zr-based samples, consistent with the fracture 

strain values shown in Fig. 4.2b.  
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Figure 4.3: SEM micrographs of tensile side of Zr-based metallic glass samples fractured 

at various temperatures (a). The shear band spacing, and the propagation length measured 

from the SEM images reveal strong temperature effects on shear banding process (b) [50]. 
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Figure 4.4: SEM micrographs of tensile side of 1.5 mm Pt-based metallic glass samples 

fractured at various temperatures.  

It is well known that the shear bands are an indication of plastic deformation in 

metallic glasses. The increased shear band density at low temperatures, in case of the Zr- 

and Pt-based metallic glasses, accords with the enhanced plasticity observed at cryogenic 

temperatures. Higher the shear band density greater the plasticity. The results are consistent 

with the previous observations at cryogenic temperatures [33-37]. Though the number of 

shear bands decrease with increasing testing temperature, it cannot be unambiguously 

stated if the observed changes in shear band density is a cause or consequence of the 

temperature dependence of the plasticity. This is because the shear band nucleation during 

plastic deformation is a successive process, and the samples fractured at different strains 

are expected to display different shear band densities. This necessitated design of constant 

strain experiments to understand the effect of testing temperature on the shear band 

nucleation. Therefore, constant strain experiments were performed on Pt-based metallic 

glass samples because of the higher fracture strains. Pt-based metallic glass samples of 0.7 

mm thickness were bent to 7% strain to avoid fracture at 77 K, 298 K, and 393 K. The 

corresponding SEM micrographs, as shown in Fig. 4.5, clearly reveal distinct shear band 

characteristics to accommodate the same strain at different temperatures. Large number of 

shorter shear bands were formed at 77 K whereas fewer and longer shear bands were 

observed with increasing temperature. These results indicate that the lower temperatures 

promote shear band nucleation when the other parameters like sample size, applied strain, 

and strain-rate were kept constant. Similar results were also obtained for the 0.4 mm thick 

Zr-based metallic glass samples bent to 5% strain. The corresponding SEM images are 

shown in Fig. 4.6. The two important findings from these bending experiments which can 

help comprehend the temperature effects on metallic glasses plasticity in the shear 

localized regime are: 
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(i) The shear band density for any applied strain decreases with increasing temperature. 

(ii) The propagation length or equivalently critical shear offset at fracture decreases with 

increasing temperature.  

Figure 4.5: SEM micrographs of tensile side of Pt-based metallic glass samples bent to 

7% strain at 77 K, 298 K, and 393 K [50]. 

 

Figure 4.6: SEM micrographs of tensile side of Zr-based metallic glass samples bent to 

5% strain at 77 K, 298 K, and 473 K.  

To rationalize the observed temperature dependence, the theoretical aspects of the 

shear band nucleation were evaluated based on nucleation model [44, 45]. At an atomic 

level, plastic deformation in metallic glasses is governed by the rearrangement of clusters 

of atoms referred to as STZs [2,44]. Based on the Argon’s STZ model, Schuh et al. 

proposed a three-stage mechanism for formation of a shear band from STZs [44, 45]. In 

the first stage, spatially uncorrelated STZs form at weak sites such as an excess free volume 

or chemical heterogeneities. These STZs result in a local strain field and structural 

disordering, which bias the formation of subsequent STZs in the vicinity. The localized 

collections of STZs formed in second stage can be considered as shear band nuclei. When 

the strain-rate mismatch between these nuclei and the surrounding matrix diverges towards 

infinity, rapidly propagating shear bands are formed (third stage). The quantitative analysis 

revealed that the formation of viable shear band nuclei from STZs (second stage), is 

temperature dependent. Schuh et al. derived an expression for the strain-rate ratio (Г0̇) in 

the shear band nucleus to that of the surrounding glass as [45]:    
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Г0 =̇  
γṅ

γ̇
 ∝ exp (

C

T
) 

where γṅ is the strain-rate in the shear band nuclei, γ̇ is the strain-rate in the surrounding 

matrix, and C is a constant that combines the Boltzmann constant and the elastic energy 

stored in the shear band nuclei because of an STZ operation [45]. The Г0̇ determines the 

viability of an embryonic nucleus to transform into a fully propagating shear band. The 

nucleus with higher Г0̇ value requires lesser strain to nucleate a shear band. According to 

the above equation, lower testing temperature will promote nucleation of shear bands by 

increasing the early stage localization Г0̇. Therefore, many STZ clusters can become strain 

bearing shear bands at low temperatures leading to higher shear band density. This can 

explain our constant strain results where lower testing temperature resulted in multiple 

shear bands of shorter lengths.  

4.3.3 Shear offset (δ):  

The other important observation from fracture analysis is the change in shear band 

propagation length and shear offset on the fracture surface with testing temperature. The 

propagation length and shear offset represent the same feature as can be inferred from the 

temperature dependence of propagation length (l) in Fig. 4.3b and shear offset (δ) 

measurements in fig. 4.7. To explain the observed temperature dependence, we evaluate 

the propagation results based on LLL theory [47-49]. Critical shear offset (or shear band 

length) beyond which a shear band evolves into a crack, is a measure of fracture toughness 

which scales with Poisson’s ratio for metallic glasses [43]. Weak but positive temperature 

coefficient for Poisson’s ratio has been reported for La-based and Ni-based metallic glasses 

[40,46]. Such temperature dependence of Poisson’s ratio would predict an increase in 

critical shear band length for metallic glasses at high temperatures which is in contrary to 

the experimental findings. Therefore, temperature dependence of elastic constants does not 

explain the temperature effects on plasticity of metallic glasses. 
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Figure 4.7: SEM micrographs of tensile side of Zr-based metallic glass samples fractured 

at various temperatures (a). The shear offset measured from the SEM images reveal strong 

temperature effects on shear banding process (b).  

Demetriou et al. combined the elastic constants and the activation barriers for shear flow 

and cavitation to describe the crack initiation in a shear band [43]: 

log(f) =  
𝑇𝑔

𝑇
(

B

G
− 1) 

where B and G are the shear and the bulk modulus, respectively. The dimensionless 

parameter f measures the capacity for shear flow before cavitation in an operating shear 

band. Although this equation was originally used to compare the fracture toughness of 
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different metallic glass formers at ambient conditions, it can accurately describe the 

temperature dependence, not captured by the elastic constants. According to this equation, 

f decreases with increasing temperature because B/G (or Poisson’s ratio) is a weak function 

of temperature. Therefore, cavitation in a shear band is thermally assisted, leading to earlier 

fracture at elevated temperatures.  

A similar conclusion can be drawn from the hypothesis of liquidlike layer formation 

during shear banding. It has been proposed that a liquid-like layer develops ahead of 

propagating shear band due to temperature rise. A shear band results in catastrophic failure 

when the size or the viscosity of the liquid-like layer reaches a critical value [47-49]. This 

mechanism is supported by the cross-sectional SEM analysis of samples fractured at 

different temperatures (Fig. 4.8). All the fractured surfaces show a smooth region which 

corresponds to the shear offset caused by propagation of a shear band. The smooth region 

is followed by typical vein morphology for liquid fracture. Therefore, the smooth region 

can be considered as the shear band propagation length required for formation of liquidlike 

layer viable for crack initiation and extension. It is clear from the SEM images that the 

smooth region decreases with increasing temperature in Pt-based (Fig. 4.8a) and Zr-based 

(Fig. 4.8b) metallic glasses. These results suggest that higher temperature facilitates shear 

band to crack transformation in metallic glasses. Miracle et al. reached a similar conclusion 

based on theoretical analysis of shear band as a planar source of heat [48]. They showed 

that the size of liquid-like layer depends inversely with ΔT2 (where ΔT = Tg - T). This 

model was used to explain the brittleness of low-Tg metallic glasses such as, Ce-based, 

Mg-based, and La-based [48]. It can also be used to analyze the effect of varying 

temperature on the fracture behavior. Increase in testing temperature (or decrease in ΔT) 

will result in formation of critical sized liquid-like layer at a smaller shear band sliding. 
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Figure 4.8: Cross-sectional views of Pt-based (a) and Zr-based (b) metallic glass samples 

fractured at different temperatures. All fractured surfaces exhibit two distinct morphologies 

on the tensile side (smooth region and veins). The size of smooth region decreases with 

increasing temperature indicating an early failure at elevated temperatures [50].  

Thus, liquid-like layer hypothesis and the cavitation model both predict decrease in 

the extent of plastic deformation in a shear band before crack opening at higher 

temperature. This along with reduced nucleation of shear bands can explain the diminishing 

plasticity of metallic glasses with increasing temperature. It is worth noting that we did not 

observe a peak in plastic strain at temperatures around 0.4Tg as reported in a recent work 

[38]. Our experiments show continuously increasing plasticity up to 77 K, the lowest 

temperature investigated here. However, decrease in plasticity at temperatures lower than 

77 K cannot be ruled out from the present work. 
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4.3.4 Shear band inclination angle (θ):  

An interesting aspect of plastic deformation in metallic glasses is that their yielding does 

not follow von Misses criterion [51-54], which is extensively used in crystalline metals and 

alloys. The most convincing aspect being the deviation of the shear band inclination angle. 

Shear band inclination angle is defined as the angle between the shear plane and the loading 

direction in a conventional uniaxial loading scenario. The typical shear band angle values 

recorded in compression are 27-45 and 48-58 in tension [55], deviating from the 

conventional 450 value predicted from von Misses criterion. The deviation in both 

compression and tension suggests that the fracture in metallic glasses is not completely 

shear dominated. The idea of including normal stress component invoked the use of 

Coulomb- Mohr yield criterion that is well known in soil mechanics [56]. The local volume 

dilatation because of the normal stress is explicitly incorporated in this model through 

internal friction angle. Though the symmetricity associated with this model has been 

questionable, the internal friction and its pressure, temperature dependence can be useful 

in analyzing the current observations. The shear band inclination angle was observed to 

increase with increase in testing temperature as shown in Fig. 4.9. Though this trend was 

observed in Zr- and Pd-based metallic glass, it was not observed in Pt-based metallic glass. 

This indicates an alloy composition dependence. An increasing deviation in shear band 

angle indicates an increase in frictional coefficient or pressure sensitivity of the material. 

Though the results point to increasing pressure sensitivity with increasing testing 

temperature, further experimentation is needed to evaluate this aspect. Testing of 

rejuvenated or relaxed specimen can be useful in evaluating the free volume dependence 

which can be related to the local dilatation.  

Figure 4.9: SEM micrographs of tensile side of Zr-based metallic glass samples fractured 

indicating the measured shear band angles at various temperatures.  
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CHAPTER 5 

CONCLUSIONS  

This dissertation explored the fundamental question of effect of sample size on 

strain localization in metallic glasses using experimental methodologies. The key length 

scales associated with size-dependent strain localization behavior identified in this study 

are summarized in this chapter. From a size-dependent shear band to homogeneous 

transition stand point, tensile experiments conducted at room temperature (298 K) indicate 

that the transition is real and is consistent with previous studies. Similar experiments 

conducted at higher temperatures (393 K and 423 K) confirmed the observed size-

dependent transition. For the Pt-based metallic glass studied here, the critical sample 

diameter corresponding to the transition is ~400 nm at room temperature and decreased to 

~200 nm at 423 K. The deformation behavior changes from shear band to homogeneous 

shear flow, and then slowly transitions to necking to a point. Experiments further into the 

necking regime indicate that the stability of the neck increases with decrease in sample 

size. A decrease in temperature also had an equivalent effect on the neck stability, 

establishing the size-temperature equivalence.  

It is well known that strain localization results in formation of shear bands in bulk 

metallic glasses. At all sample sizes above these critical sizes, shear band mediated fracture 

was observed regardless of the testing temperature. Quantitative analysis of fracture 

surfaces revealed a strong sample size dependence in this regime. The relative fraction of 

smooth region (indicative of shear band stability) was measured for quantitative analysis, 

and this fraction decreases with increase in sample size. The increase in smooth region is 

an indication of decreased heat accumulation in the shear band. A new elastic energy 

dissipation-based criterion was proposed to capture the observed phenomenon. It is 

generally understood that the slipping of shear band is accompanied by temperature rise, 

localized melting i.e. formation of LLL that appears as vein pattern when the appropriate 

conditions for meniscus instability occur. Previous investigations on thermomechanical 

analysis of shear band fracture showed that the characteristic lengths and times of LLL 

scales with temperature as well. To examine this, similar experiments were conducted at 

two other temperatures (200 K and 423 K). The results indicated that a decrease in sample 
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size has a similar effect as decrease in temperature; similar to the trend observed in necking 

regime. In addition, bend tests were conducted in the temperature range (77 K to 473 K) to 

examine the role of temperature rise in dictating the fracture in metallic glasses. The results 

show increased shear band nucleation at lower temperatures which were analyzed based 

on Schuh’s three-stage shear fracture model, which is based on fundamental plastic flow 

units, STZs. In an attempt towards a unified flow theory to describe the fracture of metallic 

glasses, the observed size-temperature equivalence was discussed based on the activation 

of STZs.  

 

 


