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ABSTRACT 

Metallic glasses are amorphous metals with unique properties, such as high 

strength, elasticity, wear resistance, and thermoplastic processing capability. 

Thermoplastic forming is enabled by the existence of metastable supercooled liquid state 

in metallic glasses above the glass transition temperature. The thermoplastic manufacturing 

critically depends on the crystallization time (processing time window), temperature 

(viscosity), applied load, and strain-rate. Among these parameters, the effects of 

crystallization time and processing temperature have been extensively studied in metallic 

glasses. However, the effects of load and loading rate are generally ignored.  

Recent studies indicate that the load and loading rate can affect the structures of 

metallic glass supercooled liquids and hence their crystallization kinetics and thermoplastic 

processing ability. Here, we systematically study the effects of load on supercooled liquid 

state of three different metallic glass formers: Pt-based, Zr-based, and Pd-based. The results 

clearly suggest that load-response of metallic glass supercooled liquids is strongly alloy 

dependent. The onset of crystallization for the Pt-based metallic glass supercooled liquid 

is reduced after subjecting it to higher loads whereas the onset of crystallization for Zr-

based and Pd-based metallic glasses remains largely unaffected. However, the 

crystallization peak time is reduced for three metallic glasses. We associate this 

deformation-induced crystallization to the free volume generated by plastic flow. Further 

studies on loading rate underway to obtain comprehensive understanding of metallic glass 

supercooled liquids during thermoplastic embossing.         
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CHAPTER 1  

 INTRODUCTION 

In this study, the influence of loading rate on crystallization time of three types of 

bulk metallic glasses, including Pt-based, Zr-based and Pd-based, is investigated. The 

importance of this study is mostly due to the significant role of crystallization time on 

thermoplastic forming of bulk metallic glasses in their supercooled liquid region. The main 

challenge of thermoplastic forming is crystallization during deformation. When the 

temperature is increased to the supercooled liquid temperature range, the crystallization 

kinetics of the metallic glass enhances significantly. Because the metastable nature of the 

bulk metallic glasses results in a thermodynamic driving force for crystallization, the 

crystallization can occur. Crystallization of materials can affect the mechanical properties 

dramatically, which may disqualify the metallic glasses from potential applications. The 

maximum possible temperature below the crystallization temperature is desirable for 

thermoplastic processing but the processing window decreases due to decrease in 

crystallization time. Effect of temperature on crystallization has been widely studied for 

different glass forming metallic alloys. The thermoplastic forming also uses large loads, 

which can alter the crystallization of metallic glass supercooled liquids. However, the 

effect of load and loading rate on crystallization of metallic glasses has not been 

investigated in details. To introduce the studies conducted on metallic glasses so far, a few 

investigations into the crystallization behavior of various types of metallic glasses as well 

as into the effective parameters on this subject are presented and discussed in brief here. 
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Shao et al. (Shao, Singer et al. 2015) first thermoplasticly compressed the initial 

rod-shape Pt57.5Cu14.7Ni5.3P22.5 metallic glass, deforming it into a disk-shape sample, and 

then studied its crystallization behavior. They proposed that compression of the metallic 

glass in its supercooled liquid region causes shear-accelerated crystallization that shifts the 

isothermal crystallization peaks to lower times. Further, they indicated that the accelerated 

crystallization happens due to the accumulation of strain when a shear flow occurs above 

a critical shear rate that was obtained experimentally and numerically.  

The stress produced by deformation of a sample of Zr-based metallic glass and the 

crystallization kinetics of the deformed sample was studied by Bae et al. (Bae, Lim et al. 

2002). They observed that flow stress is not constant during the deformation since it 

reaches a peak after yielding but decreases significantly as the strain increases. Then the 

stress shows a low plateau level and finally increases until the sample fully fails. The nano-

crystals that form during the deformation aggregate to create clusters and then slide over 

each other when their volume fraction reaches 50%. Bae et al. observed that above this 

amount of the crystalline phase, a brittle failure occurs.  

In another study, Qiao et al. (Qiao and Pelletier 2011) investigated the 

crystallization kinetics of a Cu-based bulk metallic glass by using isothermal and non-

isothermal DSC analysis. Afterwards, they used the Kissinger model to obtain the 

activation energy for crystallization and employed Johnson–Mehl–Avrami (JMA) to study 

the crystallization mechanisms and to obtain the Avrami exponent, thereby explaining the 

nucleation and growth behavior. 
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Liu et al. (Liu, Sommer et al. 2004) applied the phase transformation model to study 

the crystallization kinetics of Pd-based and Mg-based metallic glasses under isothermal 

and isochronal annealing. They obtained the nucleation and growth mechanisms, as well 

as the required activation energy, by applying a combination of nucleation and growth 

modles. They also investigated the influence of pre-annealing on the crystallization 

kinetics. 

In another study, Saida et al. (Saida, Setyawan et al. 2005) investigated the 

nanoscale multistep shear band formation and propagation in a Zr-based metallic glass 

sample that was deformed through compression. They observed formation of nanocrystals 

in shear bands due to plastic deformation at room temperature.  

Lee et al. (Lee, Bae et al. 2008) studied the influence of reinforcement on the 

formation of nanocrystals in an Ni-based metallic glass sample after shear bands were 

created during deformation. They also investigated the stress concentration attributed to 

the reinforcement and the influence of this stress on the formation of shear bands when the 

sample is under compressive loads. Further, lee et al. indicated that localized strain created 

by reinforcement, increases by uniaxial stress. The localized strain has a significant role in 

pressure-induced crystallization of bulk metallic glasses. 

Kim et al. (Kim, Ma et al. 2003) proposed that a Zr-based metallic glass sample can 

reach a tensile elongation of 750% in its supercooled liquid region while crystallization 

intervenes during the deformation. This sample could maintain its mechanical properties 

up to 150% elongation. The material showed a Newtonian behavior initially, but flow stress 
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decreased after the peak and finally strain hardening was observed.  They indicated that 

heating and holding time before starting the test leads to hardening and shorter times causes 

more elongation. 

The role of shear to reduce the activation barrier of nucleation is studied by Blaak 

et al. (Blaak, Auer et al. 2004). They investigated the influence of shear flow in 

homogeneous crystal nucleation in colloidal suspensions through the Brownian dynamics 

modeling as well as the umbrella sampling method. They proposed that by applying 

homogeneous shear rate, a larger critical nucleus could be achieved. 

Crystallization time of polymeric materials have also been studied but the results 

differ from metallic glasses. Elmoumni et al. (Elmoumni and Winter 2006) investigated 

the influence of strain on the crystallization of isotactic polypropylene with different 

molecular weights using differential scanning calorimetry (DSC) and X-ray diffraction 

(XRD) analysis. Various pre-shear strains were applied to the polymeric samples at the 

initial steps of crystallization when the samples had reached the crystallization 

temperatures. They proposed that a large amount of strain is needed to reduce the 

crystallization time of the samples, to change the crystallization morphology, and to get an 

aligned crystal structure.  

Although these studies have provided much worthy information about the 

parameters affecting the crystallization kinetics of glasses, including temperature, 

crystallization time (processing time window) and strain-rate, there are still many 

parameters not studied in previous works. The loading rate and the load applied during the 
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thermoplastic forming of bulk metallic glasses are among the main parameters which have 

not received attention. It is important to understand the effect of load and loading rate that 

can change the crystallization behavior of metallic glasses during thermoplastic processing. 

In this research, three metallic glasses, Pt57.5Cu14.7Ni5.3P22.5, Pd43Cu27Ni10P20 and 

Zr35Ti30Cu8.25Be26.75 are thermoplasticly compressed in their supercooled liquid region and 

under various loading rates. Then, the isothermal DSC analysis is performed to study the 

crystallization kinetics. Therefore, the results obtained by this study can play an important 

role in prevention of unsuccessful thermoplastic forming of metallic glasses and prevent 

unwanted crystallization during the thermoplastic deformation.   
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CHAPTER 2  

       LITERATURE REVIEW 

2.1 What is metallic glass? 

For 8000 years, humans have used metals with crystalline structures for various 

applications. Because metallic materials’ exceptional properties allow scientists to develop 

alloys with novel combinations of desirable features, metallic materials have a wide variety 

of uses. Metallic materials found in nature usually have structures that are crystalline, with 

regular periodic arrangements of atoms in three dimensions and translational symmetry. In 

contrast, metallic glasses are amorphous alloys of metals with no long-range periodic 

arrangement. Metallic glasses were first discovered in 1960, when Duwez and his 

colleagues synthesized an Au-Si alloy by solidifying the liquid from 1300°C to room 

temperature at about 106 K s-1. This was possible because the substrate beneath the liquid 

drop exhibited high rates of heat transfer and conductivity. When they did not observe a 

crystalline peak in the x-ray diffraction (XRD) of the alloy, they concluded that the alloy 

was an amorphous material. Rapid solidification was regularly used to synthesize metallic 

glasses (Luborsky, 1983; Suryanarayana & Inoue, 2010). Later in the 1960s, Chen and 

Turnbull synthesized Pd-based metallic glasses with diameters of about 1 mm. 

A few metallic glasses were developed until 1980 and that was because of the high 

cooling rate requirements. The bulk metallic glasses with a maximum size of 1 mm could 

be synthesized by rapid solidification technique. The main purpose of rapid solidification 

technique is to cool down the liquid fast enough, by which the stable crystalline phases can 
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be prevented. Later many scientists attempted to synthesize bulk metallic glasses that could 

be formed even by lower cooling rates. These inquiries led to the development of bulk 

metallic glasses that could be manufactured by critical cooling rates lower than 100 Ks-1 

(Johnson 1999, Suryanarayana and Inoue 2010). In 1980, Turnbull and his colleagues could 

develop Pd-based bulk metallic glasses with diameters of about 5 mm. Later, in 1984, the 

Bulk metallic glasses with the diameter of about 10 mm were manufactured by processing 

Pd-Ni-P melt in a boron oxide flux. In the late 1980s, Inoue’s group could develop various 

metallic glasses in several centimeters size by cooling rates less than 100 Ks-1 (Miller and 

Liaw 2007). After these developments, bulk metallic glasses, which had unique properties 

compared with other metals, could attract many companies’ attentions, especially after 

introducing iron-based compositions (Greer 1995).  Since the base elements of these alloys 

were regularly the metals, they were called metallic glasses or glassy metals. 

Nowadays, a variety of bulk metallic glasses with different compositions and 

various physical, mechanical, thermal, electrical, magnetic and biological properties are 

known. Furthermore, metallic glasses are also used as precursors for developing novel 

nanocrystalline materials (Greer 1995). Bulk metallic glasses are classified into two main 

groups, including metal-metal and metal-metalloid types. Metal-metal metallic glasses 

have no metalloid atoms (typically B, C, P, and Si) and they are just composed of various 

metals. The metal-metal metallic glasses contain about 9% to 50% of the second metal. 

Ni60Nb40, Cu57Zr43, Mg70Zn30, Fe90Zr10 are examples of metal-metal metallic glasses. 

However, metal-metalloid glasses contain about 80% of the total metal atoms (either a 

single type or combination of different metal atoms) and 20% of metalloid atoms. They 
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can be composed of just one single type of metalloid atoms or a combination of different 

elements. Pd80Si20, Pd77Cu6Si17, Fe80B20, Ni75Si8B17, Fe70Cr10P13C7, Ni49Fe29B6P14Si2  are 

examples of metal-metalloid glasses (Suryanarayana and Inoue 2010). 

2.2 Tg, Tx and supercooled liquid region 

The non-crystalline structure is referred to any random and non-organized 

arrangement of atoms. Non-crystalline materials are divided into two groups. First, glassy 

solids that are manufactured by rapid cooling of liquid from high temperatures. Second, 

amorphous solids that are non-crystalline materials produced using other methods 

(Suryanarayana and Inoue 2010). Cooling to the temperatures below glass transition 

temperature, a supercooled liquid converts to a glassy solid with higher viscosity and lower 

specific heat. In the other words, the temperature at which the undercooled liquid has a 

viscosity of 1012Pa.s and the supercooled liquids become solid, is called the glass transition 

temperature (Tg). Glass transition temperature is cooling rate dependent and is not a fixed 

value. A liquid is supercooled or undercooled when it is maintained at a temperature, well 

below the melting temperature, without crystallization. The supercooling region is different 

for various metallic glasses and increases with the cooling rate. The viscosity of a glass-

forming liquid, versus temperature is shown in Figure 2.1. Cooling from the liquid state, 

the viscosity of conventional alloys increases slowly, but just below the melting 

temperature (Tm), the viscosity increases suddenly due to crystallization. However, in a 

glass-forming liquid, the viscosity continuously increases below Tm. The supercooled 

liquid transforms into a glassy solid at Tg. A reversible transformation from glass to liquid, 
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without crystallization, is possible by heating. At crystallization temperature, Tx, the 

nucleation of crystals occurs. The region between Tg and Tx (∆Tx=Tg-Tx) is called the 

supercooled liquid region (SCLR). The crystalline solids melt into a liquid state at Tm, 

while metallic glasses convert to supercooled liquid at Tg and then to the crystallin structure 

at Tx and finally melts at Tm. 

 

Figure 2.1. The correlation between viscosity and temperature for a crystalline and a 
glass –forming liquid 

 

2.3 Nucleation and growth mechanisms in bulk metallic glasses 

To characterize the crystallization kinetics of metallic glasses, the Differential 

Scanning Calorimeter (DSC) is used. Using DSC, a small piece (a few milligrams) of the 

metallic glass is heated continuously, at a constant heating rate to reach a target 

temperature. This method is described in details in the following sections. The isothermal 

and non-isothermal calorimetric data from DSC give very useful information about 
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nucleation and growth mechanisms. Hence, the crystallization of metallic glasses can be 

predicted and controlled during a thermoplastic forming. To this purpose, temperature, 

applied load, loading rate, strain-rate and some other parameters can be tailored. A non-

isothermal calorimetric graph obtained by DSC is shown in Figure 2.2. 

 

Figure 2.2. Schematic of non-isothermal calorimetric crystallization behavior of metallic 
glasses obtained by DSC. Tg, Tx, Tp and Tm are referred to the glass transition, onset of 
crystallization, crystallization peak time and onset of melting (Svoboda and Málek 2015). 

 

In this graph, the y-axis is the heat absorbed or released by the metallic glass and 

the x-axis is the temperature. By non-isothermal analysis, exothermic (releasing heat) or 

endothermic (absorbing heat) mechanisms, glass transition temperature, crystallization 

temperature, melting temperature, and some other useful information can be inferred. An 

increase in heat capacity resulting in an endothermic peak is observed at Tg. Then, a sharp 
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exothermic peak occurs when the crystallization begins at Tx. That can be attributed to the 

heat released when the atoms make an arranged structure and amorphous metal converts to 

crystalline metal. Sometimes more than one exothermic peak is observed that can be 

associated with the multiple crystallization steps. Afterwards, an endothermic peak occurs 

due to melting. Therefore, exothermic peaks are due to heat released and a transition from 

disordered to an ordered structure. While endothermic peaks show absorbing the heat. 

Through isothermal annealing of metallic glasses using DSC, a curve of heat flow as a 

function of time is achieved.  In the isothermal calorimetric analysis, first, the sample is 

heated to a target temperature above Tg and below Tx. Then, the sample is kept at the target 

temperature until crystallization happens.  

2.4 Bulk Metallic Glass fabrication processes 

Recently, various techniques are developed to form different metallic glasses with 

diverse shapes, including powders, wires, ribbons, and bulk metallic glasses.  As it was 

mentioned in the previous sections, rapid solidification processing (RSP) is the first method 

developed for synthesizing ribbon-like metallic glasses. However, specimens produced by 

this method are limited in size. Melt Spinning is one of the common RSP techniques, which 

was first introduced in the 1970s. Using this method continues ribbon-like metallic glasses 

are produced. In this method, first, the ingots are melted in a quartz crucible; then, a jet of 

molten metal is poured on a spinning wheel and solidified in flight or against a chill (Wu, 

Wilde et al. 2001, Suryanarayana and Inoue 2010). The impurities, like oxides, and other 

inclusions can act as heterogeneous nucleation sites for crystallization. This specially can 
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happen when metallic glasses are being molten. These inclusions can be removed using 

flux melting method. In this method, the molten metal is heated and cooled while it is 

immersed in the molten oxide flux (Kui, Greer et al. 1984, Bitoh, Makino et al. 2006). 

Some of the other methods proposed for synthesis of bulk metallic glasses are 

described in brief here.  Water quenching is one of the simplest methods, where the 

achieved cooling rate depends on the heat transfer, sample size and the composition of the 

alloy. It is mostly used when a low cooling rate is required for fabrication of the bulk 

metallic glasses (Suryanarayana and Inoue 2010). Die-casting is a common method for 

fabrication of casting goods with various complicated shapes. Using this method, a rapid 

solidification occurs due to the high rate of heat transfer in the metal molds. In this method, 

the alloy that is melted in a sleeve is pushed by a plunger, using the hydraulic pressure, 

into a copper mold and all the unit is evacuated to prevent porosity in the casting (Inoue, 

Nakamura et al. 1992). The achieved casting product is not precise due to some issues 

associated with this method, including large shrinkage and residual stresses (Kumar, Desai 

et al. 2011). Thermoplastic Forming (TPF) is a well-known processing method, which is 

widely used for forming metallic glasses into the desired shapes. In this process, the 

metallic glass is heated to its supercooled liquid state and then deformed to the desired 

shape, applying pressure (Schroers, Pham et al. 2007, Gravier, Kapelski et al. 2012). The 

time-temperature-transformation (TTT) diagram is represented in Figure 2.3 that clearly 

shows the range of the temperature at which this procedure can be conducted. 

Micromolding and nanomolding are the common TPF-based methods for forming bulk 

metallic glasses in micro or nano sizes (Kumar, Tang et al. 2009).  
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Figure 2.3. Schematic time-temperature-transformation (TTT) diagram for metallic 
glasses. Path 1 shows processing of bulk metallic glasses using direct casting technique. A 
rapid cooling to Tg is required to prevent crystallization during cooling. Path 2 represents 
the thermoplastic forming of bulk metallic glasses by heating the alloy above its Tg. 

 

2.5 Distinguished properties of Bulk Metallic Glasses 

2.5.1 Physical and rheological properties  

Density, microhardness and thermal properties of metallic glasses are cooling rate 

dependent parameters (Hu, Ng et al. 2001). The density of amorphous metallic glasses, 

either ribbons or bulk metallic glasses, measured by Archimedes principle, is less than 

crystalline metals. The density of metallic glass ribbons, fabricated via high rate 

solidification techniques, are 1%-2% less then crystalline counterparts (Chen 1980). 

Moreover, the density of bulk metallic glasses is higher than the metallic glass ribbons. 
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The reseon is that the atoms have more time to organize and locate at the proper place for 

a dense atomic configuration, which is due to lower rates of solidification in bulk metallic 

glasses. Bulk metallic glasses have a density close to their crystalline counterparts and there 

is only about 0.6% difference (Masumoto, Kimura et al. 1976). 

Viscosity defines the flow behavior and consequently the thermoplastic formability 

of metallic glasses and is considered as one of their most determinant properties. If the 

viscosity is independent of shear rate, the liquid is called Newtonian; otherwise, it is called 

non-Newtonian (Suthar, Sankaranarayanan et al. 2013). Under compression and tension, 

viscosity and the Newtonian or non-Newtonian behavior of supercooled liquid metallic 

glasses are dependent on both temperature and strain rate. Increasing the strain-rate, the 

viscosity decreases and the Newtonian behavior converts to non-Newtonian behavior.  

2.5.2 Mechanical properties 

Like other metals, the mechanical properties of metallic glasses play a significant 

role in their potential applications. In contrast with other metallic materials that show non-

uniform properties due to a crystalline structure, bulk metallic glasses are homogeneous 

and isotropic in their mechanical behavior. Metallic glasses generally have a low ductility 

and elastic modulus, but high strength. These unique properties are due to lack of 

dislocations and slip systems. Because of low plastic deformation especially at low 

temperature, metallic glasses fail suddenly just after yielding. However, at high 

temperatures, they show a very different behavior. The deformation of metallic glasses is 

inhomogeneous at low temperatures and high strain rates, while homogenous at high 
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temperatures and low strain rates (Suryanarayana and Inoue 2010). The inhomogeneous 

deformation of bulk metallic glasses at low temperatures usually leads to localized shear 

bands and consequently brittle failure. The highly localized deformations and shear 

banding restrict plastic deformation at low temperatures. Shear bands cause high amounts 

of plastic strain applied on a very narrow region of material (Eckert, Das et al. 2007).  

Bulk metallic glasses are utilized for many applications that are not satisfied by 

regular crystalline metals.  This is mostly due to their unique mechanical properties. 

Metallic glasses show reversible deflection and high elastic deformation. The metallic 

glasses’ elastic strain is about 2%, while it is about 0.2% for crystalline materials. Metallic 

glasses represent high elastic strain and tensile strength, but low plastic deformability at 

room temperature. Optimization of the elastic constants or partial crystallization, are novel 

methods, introduced in literature, to increase the plastic strain to about 50% (Yavari, 

Lewandowski et al. 2007). Due to the lack of grain, grain boundaries, and dislocations, 

metallic glasses have a high tensile strength, compared with crystalline materials (Eckert, 

Das et al. 2007). 

2.5.3 Thermal properties 

The thermal conductivity of metallic glasses is different from their crystalline 

counterparts. Laser-flash radiometry technique is recently introduced to measure the 

thermal conductivity of metallic glasses at different temperatures (Choy, Tong et al. 1991). 

Because the disordered structure, the thermal diffusivity of metallic glasses is low. 

However, a higher thermal conductivity depended on the alloy composition, is obtained 
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after crystallization. The phonon contribution in thermal conductivity of bulk metallic 

glasses is smaller, compared with electron contribution (Umetsu, Tu et al. 2012).     

2.5.4 Electrical and Magnetic properties 

Metallic glasses show higher electrical resistance compared with crystalline metals, 

which is due to their disordered structure. There have been a few investigations on 

electrical properties of bulk metallic glasses. Haruyama et al. (Haruyama, Kimura et al. 

1996), indicated that the electrical resistance of Zr-based bulk metallic glasses decreases 

with increasing temperature up to glass transition temperature (Tg). Then by increasing the 

temperature above Tg, the electrical resistivity increases linearly with temperature. After 

crystallization, the electrical resistivity drops rapidly. The same behavior is observed in 

both Cu-based and Pd-based bulk metallic glasses; however, their behavior between glass 

transition (Tg) temperature and crystallization temperature (Tx) is different (Haruyama, 

Annoshita et al. 2004, Ji, Chung et al. 2007). 

Magnetic materials can be divided into two groups, including magnetically soft and 

magnetically hard. The magnetization can be easily reversed in soft magnetic materials 

whereas the hard magnetic materials retain remanent magnetization. Excellent soft 

magnetic properties of metallic glasses have made them attractive in transformer 

applications. Applying the novel techniques like microalloying and adding the elements 

one can improve the soft magnetic properties of these metallic glasses (Wang, Pan et al. 

2004). Furthermore, soft magnetic properties of these alloys can be tuned by annealing at 
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suitable temperatures. Novel compositions of metallic glasses with soft and hard magnetic 

properties are recently reviewed by Inoue (Inoue 1997).  

2.6 Applications 

Metallic glasses have many potential applications due to their unique properties 

such as high strength, high elastic strain limit, corrosion resistance, hardness, and soft 

magnetic properties. Moreover, feasible thermoplastic forming of metallic glasses into any 

desired shape is enabled in their supercooled liquid state. Metallic glasses can be tailored 

adding various elements or fabricating through novel processes (Schroers and Johnson 

2004, Brothers and Dunand 2005). Yao et al. (Yao, Ruan et al. 2006)  developed a 

superductile Pd-Si bulk metallic glass that showed large plastic strain, as well as, initial 

and final strain hardening. This metallic alloy represented a uniform deformation behavior 

due to strain hardening and high Poison’s ratio.  

In a study by Wang et al. (Wang 2007),  a comprehensive review on using 

microalloying to develop novel metallic glasses and their improved  properties is given. 

Using metallic glasses in high sensitivity measurement devices, sporting equipment, 

electronic products, wear resistance coating, magnetics, optical applications, structural 

applications, biomedical applications, medical devices, MEMS, jewelry, and many other 

applications in micro-nanotechnology, are only a few of their wide range of applications 

(Telford 2004, Inoue and Nishiyama 2007, Nishiyama, Amiya et al. 2007, Inoue and 

Takeuchi 2010).  Despite all of these attractive properties and potential applications, 

metallic glasses are rarely used for some of these applications. One of the most important 
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reasons is the unwanted crystallization occurred during the thermoplastic forming. This 

issue prompted us to investigate the influence of load and loading rate as a parameter 

affecting the crystallization kinetics.  

During the last decades, novel compositions of metallic glasses with privileged 

properties based on Pt, Zr, Mg, Pd, Ni, Fe, Cu, Co, Ca, La and Au elements, were 

introduced. This study has focused on three well-known compositions of bulk metallic 

glasses based on Pt, Pd and Zr elements. Therefore, the main properties of Pt-based, Pd-

based, and Zr-based bulk metallic glasses are described here.   

2.7 Pt-based bulk metallic glasses 

Pt-based bulk metallic glasses are among the novel alloys that are praised for some 

of their unique properties such as very low Tg and Tx, high glass-forming ability, high 

corrosion resistance and good nanoimprintability. Pt-based bulk metallic glasses show a 

stronger temperature-dependency in their supercooled liquid region, compared with Pd-

based and Zr-based bulk metallic glasses. This can be attributed to the significant 

dependence of viscosity on temperature in Pt-based bulk metallic glasses (Saotome, Imai 

et al. 2002). The supercooled liquid region of Pt-based bulk metallic glasses overlaps with 

thermoplastic processing temperature range of polymers. Pt-based bulk metallic glasses 

have lower Tg and Tx than Zr-based, Pd-based and Ni-based bulk metallic glasses, but 

higher than Mg-based bulk metallic glasses (Hasan, Kahler et al. 2016). Schroers et al. 

(Schroers and Johnson 2004) introduced highly processable Pt-based bulk metallic glasses 

with low critical cooling rate and wide supercooled liquid region. They could fabricate rods 
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of Pt-based metallic glass with large diameters about 20mm. Pt-based bulk metallic glasses 

showed no considerable oxidation in the air during processing in their supercooled liquid 

state. They could be processed without embrittlement problems. Pt-based bulk metallic 

glasses are mostly used for biomedical applications due to their biocompatibility or as 

jewelry.  

2.8 Zr-based bulk metallic glasses 

In the 1990s, Zr-based bulk metallic glasses were introduced as the first type of 

bulk metallic glasses that could be produced in large diameters (Peker and Johnson 1993). 

They show a significant strength, as well as, low elastic modulus and large elastic strain. 

Tang et al. (Tang, Li et al. 2004) proposed that Zr-based metallic glasses have large 

plasticity with low strain hardening, using an indentation technique. In another study, Li et 

al. (Li, Chen et al. 2013) developed a map for thermoplastic formability of Zr-based bulk 

metallic glasses under various strain rates and temperatures. They also presented a 

deformation map based on compression tests, to define the conditions for a Newtonian 

homogeneous, non-Newtonian homogeneous and inhomogeneous fluid flow. Li et al. 

proposed that the formability of Zr-based bulk metallic glasses increases when having 

homogenous flow. The inhomogeneous flow occurs due to the shear localization during 

deformation.  

Moreover, Lu et al. (Lu, Ravichandran et al. 2003) used uniaxial compression to 

demonstrate the strain-rate sensitivity of Zr-based bulk metallic glasses in their supercooled 

liquid region. The strain-rate sensitivity had an effect on their stress-strain curves.  They 
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proposed that inhomogeneous flow could be avoided using strain rates lower than a critical 

value, which could prevent shear localization. Furthermore, they developed the correlation 

between strain-rate and temperature, which clarified the boundaries between the three 

aforementioned types of flow. Temperature and strain rate play opposite roles in 

deformation and failure of bulk metallic glasses. Increasing temperature, stress overshoot 

decreases. While stress overshoot increases with strain-rate. The shear band formation and 

propagation are the main deformation mechanisms in dynamic compression (Hufnagel, 

Jiao et al. 2002).  

2.9 Pd-based bulk metallic glasses 

Pd-based bulk metallic glasses show high strength, high fatigue strength, high 

fracture toughness and excellent corrosion resistance. The supercooled liquid region of Pd-

based and Zr-based metallic glasses overlap each other. Zr-based bulk metallic glasses 

present wider processing time window and higher glass transition temperature and 

crystallization temperature, compared with Pd-based metallic glasses (Hasan, Kahler et al. 

2016). Low cooling rates lead to a fragile structure of Pd-based bulk metallic glasses; 

while, Pt-based bulk metallic glasses show high plasticity even in low cooling rates. 

Pd43Cu27Ni10P20 is known as one of the most fragile metallic glass (Kumar, Prades-Rodel 

et al. 2011). 

In a study by Yoo et al. (Yoo, Lee et al. 2009), the influence of various strain-rates 

on the plastic characterization of a Pd-based bulk metallic glasses was investigated through 

nanoindentation tests. They compared the results with the data obtained by nanoindentation 
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tests conducted under different loading rates. They concluded that the strain-rate has an 

effect on the serrated flow, while hardness is independent of the rate. Hu et al. (Hu, Ng et 

al. 2003) improved glass forming ability (GFA) of Pd-based bulk metallic glasses through 

adding P element and subsequently decreasing the glass transition temperature. Xia et al. 

(Xia, Li et al. 2012) developed a superhydrophobic surface with good stability through 

producing honeycomb micro-patterns on the top of a Pd-based metallic glass, using hot-

embossing. They obtained a water contact angle above 150°, without any modification or 

post-treatment, using this method.  

After providing some fundamental information about metallic glasses, the 

experimental studies required for investigating the load and loading rate effects on 

isothermal crystallization kinetics are presented. The onset of crystallization, the 

crystallization peak time (in the symmetric crystallization peaks), as well as, the peak 

shapes are studied in details. Thereby, some numerical studies on crystallization 

mechanisms are developed. 
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CHAPTER 3     

 EXPERIMENTAL STUDIES 

In this study, the crystallization kinetics of three metallic glasses, including 

Pt57.5Cu14.7Ni5.3P22.5 (Pt-based), Pd43Cu27Ni10P20 (Pd-based) and Zr35Ti30Cu8.25Be26.75 (Zr-

based) are investigated. These three compositions of metallic glasses are among the most 

popular alloys due to their potential applications. In order to characterize the crystallization 

behavior of metallic glasses, the isothermal experiments are conducted using differential 

scanning calorimeter (DSC). Through isothermal analysis, the temperature dependent 

crystallization time of the metallic glasses can be obtained.  

To make the Pt-based bulk metallic glass ingot, a mixture of Pt, Cu, Ni, and P were 

melted in a vacuum sealed quartz tube. After alloying, the ingot was fluxed with boron 

oxide, which has been proven to improve the glass forming ability by reducing the 

heterogeneous nucleation. Subsequently, the alloy was re-heated and quenched in water to 

form the metallic glass. The same procedure was applied to manufacture the Pd-based 

(Pd43Cu27Ni10P20) metallic glass. Then, small samples were cut from two ends of the 

cylindrical rods and were isothermally analyzed by DSC to verify the amorphous state. The 

samples taken from two ends of the rods showed similar crystallization times suggesting 

the formation of a uniform glassy state throughout the sample. The Zr35Ti30Cu8.25Be26.75 

(Zr-based) bulk metallic glass was acquired from a commercial vendor.  
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Figure 3.1. Schematic of the heating plates used for thermoplastic deformation of metallic 
glass samples 

 

Small samples of the above-mentioned metallic glasses with the same volume were 

cut from the rods. Since the density of the three studied compositions are different, the 

weight of the selected samples varied for different alloys. The Pt-based, Pd-based and Zr-

based bulk metallic glass samples, weighed 20 mg, 11 mg and 6 mg, respectively. All of 

the samples were cleaned by acetone and DI water before conducting the experiments. In 

the next step, the samples were placed between two flat platens that were heated to a 

constant temperature in the supercooled liquid region (SCLR). The Pt-based, Pd-based and 

Zr-based bulk metallic glass samples, were heated to 265°C, 355°C and 405°C, 

respectively. After placing the samples on the platens shown in Figure 3.1, they were 

thermoplasticly deformed into disk-shape samples by applying compressive loads. The 
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samples of each composition were compressed under various loads, including 0 N, 10 N, 

50 N, 100 N, 1000 N and 10000 N. A 3 minutes load profile with a constant loading rate 

was applied to the samples. All of the samples were quenched in water to provide a similar 

thermal history for all samples. The crystallization kinetics of these samples were 

characterized using isothermal calorimetric analysis conducted by a Universal V4.5A TA 

(Q20) differential scanning calorimeter (DSC) that is shown in Figure 3.2. For this purpose, 

the samples were put in an aluminum pan and placed in the DSC. An empty aluminum pan 

was used as a reference. A schematic of the internal structure of the differential scanning 

calorimeter is depicted in Figure 3.3. The both pans were heated at a constant rate to reach 

a target temperature. In this study, a constant heating rate of 10°C/min, was applied. In the 

isothermal DSC analysis, the difference between the heating powers, to keep both the 

reference and sample at the same temperature, was recorded as a function of time. 

 

Figure 3.2. A schematic of the differential scanning calorimeter (DSC) 
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Figure 3.3. A schematic diagram of the heat flux DSC 

 

In a non-isothermal DSC analysis, the samples are heated at a constant heating rate, 

to a target temperature higher than their crystallization temperature. The difference of 

heating powers to keep the both pans at the same temperature is recorded as a function of 

temperature. The graphs of heat flow (W/g) versus time (min) (isothermal analysis) and 

heat flow (W/g) versus temperature (°C) (non-isothermal analysis) are shown in Figure 3.4 

and Figure 3.5, respectively. Both isothermal and non-isothermal analyses were performed 

under an argon atmosphere. The DSC curves were analyzed to determine the onset of 

crystallization, crystallization peak and the shape of the peak, to study the influence of 

applied loads. Since the samples from the same composition, have experienced the same 
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thermal history; the applied load is the only parameter that has affected the crystallization 

behavior. Each of the experiments for a single load was repeated 3 times to verify the 

consistency of the data. 

 

Figure 3.4. Isothermal analysis graphs by differential scanning calorimeter (DSC) 

 

 

Figure 3.5. Non-isothermal analysis graphs by differential scanning calorimeter (DSC) 
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CHAPTER 4  

 RESULTS AND DISCUSSION 

4.1 Finite Element Method (FEM) 

In order to give a better prospective of the thermoplastic compression and also the 

stress and strain distribution along the cross-section of the samples, a Finite Element 

Method (FEM) is used. ABAQUS software is employed for modeling the thermoplastic 

compression process. A 3-dimensional simulation of the procedure is shown in Figure 4.1. 

It is observed that the accumulated strain reaches to its highest value in the outer section, 

but slightly inward, of the sample and near to its surface. This can be attributed to the 

regeneration of new surfaces at the outer layer, during the deformation of the disk (Shao, 

Singer et al. 2015). The stress and strain distribution in the cross-section of the deformed 

sample, are depicted in Figure 4.2 and Figure 4.3, respectively. The main purpose of the 

current research is to study the load and loading rate effects on the crystallization kinetics 

through isothermal calorimetric analysis.   

 

Figure 4.1. Accumulated strain due to deformation, obtained from finite element analysis 
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Figure 4.2. Stress distribution from FEM 
analysis. 

 

 

4.2 The influence of annealing temperature on crystallization  

The isothermal thermograms of the Zr35Ti30Cu8.25Be26.75 metallic glass samples at 

different temperatures in the supercooled liquid region are shown in Figure 4.4. After 

incubation time period, a crystallization peak is observed during the isothermal annealing. 

To be consistent, in this research, the crystallization peak time is considered as the time, in 

which ∼50% of the sample is crystallized due to the symmetric shape of the peaks (Shao, 

Singer et al. 2015). The onset of crystallization is the time, at which the crystals begin to 

nucleate and grow.  

 

Figure 4.3. Accumulated strain 
distributed in cross-section from FEM 
analysis. The unreformed sample is also 
depicted 
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Table 4.1. Crystallization peak time of Zr35Ti30Cu8.25Be26.75 bulk metallic glass annealed 
at different temperatures. 

Temperature 
(°C) 400 405 410 420 

Crystallization 
peak (min) 52.48 37.24 22.86 12.01 

 

 

Figure 4.4. Isothermal thermogram as a function of the annealing time of the Zr-based 
bulk metallic glasses, annealed at different temperatures. 

 

Each crystallization peak occurs after a different annealing time period. This 

suggests the influence of the temperature at which the metallic glass sample is isothermally 

annealed, on the onset of crystallization and crystallization peak time of the metallic glass. 

The crystallization peak time for each annealing temperature is shown in Table 4.1. 

Crystallization peak time of Zr35Ti30Cu8.25Be26.75 bulk metallic glass annealed at different 

temperatures. The crystallization time, as well as, the time taken for completion of the 

crystallization decrease with increasing isothermal temperature. This can be attributed to 
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the lower atomic mobility at lower temperatures, which causes a delayed crystallization. 

At lower temperatures, there is a higher rate of nucleation, but a lower growth rate.  

4.3 The influence of the applied load on crystallization kinetics 

To study the influence of load and loading rate on the crystallization kinetics of Pt-

based, Zr-based and Pd-based metallic glasses, the small samples of each composition were 

thermoplastically compressed under various loads. The density (ρ), glass transition 

temperature (Tg), crystallization temperature (Tx) and liquid temperature (T1) for each 

metallic glass, are shown in Table 4.2. The Pt-based disk-shape samples compressed under 

different loads at 265°C are depicted in Figure 4.5. The variations in the size of the disks 

after compression under different loads are clearly shown in this figure. The diameter of 

the disks increases with increasing load while the thickness decreases (Figure 4.6). 

 

 

Figure 4.5. The Pt-based bulk metallic glass samples after compression in their 
supercooled liquid state and under various loads: (a) 10N, (b) 50N, (c) 100N, (d) 1000N, 
(e) 10000N, for 3 minutes. 
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Table 4.2. Density, ρ, glass transition temperature, Tg, crystallization temperature, Tx, 
and liquid temperature, T1, for the metallic glasses. 

Bulk metallic glass ρ (g/cm 3) Tg (K) Tx (K) T1 (K) 

Pt-based 15.2 508 606 795 

Pd-based 9.3 575 665 866 

Zr-based 5.4 578 737 1044 

 

Isothermal DSC curves of Pt-based metallic glasses after thermoplastic forming are 

shown in Figure 4.7. The onset of crystallization shifts to shorter times by increasing the 

load suggesting the formation of load induced nuclei. It has been demonstrated that metallic 

glasses with shorter or no incubation times contain quenched-in nuclei. The onset of 

  

Figure 4.6.  Thickness and size variations versus applied load for Pt-based  bulk 
metallic glasses 
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crystallization, size and thickness of samples after the thermoplastic deformation of the Pt-

based metallic glasses under various loads, are listed in Table 4.3. The shifts observed in 

crystallization under varying loads has been attributed to shear induced crystallization 

(Shao, Singer et al. 2015). 

 

 

Figure 4.7. Isothermal thermographs of Pt-based bulk metallic glass disks produced at 
265°C, applying different loads as indicated. 
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Table 4.3. Onset of crystallization, size, and thickness of the Pt-based disk-shape bulk 
metallic glasses compressed under various loads, at 265°C. 

 

 

The same experimental procedure was applied  to the Zr-based metallic glass 

samples. Similar to the Pt-based metallic glasses, the diameter of the disk-shape samples 

increased, while the thickness of the samples decreased, by increasing the applied load 

(Table 4.4). The isothermal thermograms of the Zr-based metallic glasses, deformed under 

various loads, at 405°C are represented in Figure 4.8. For all of the samples, the onset of 

crystallization was observed without any incubation time, which can be ascribed by the 

existance of quenched-in nuclei in the as-prepared sampels. This  is confirmed by the 

Johnson-MehI-Avrami (JMA) analysis. It is observed that the crystallization peaks are 

shifting to the shorter times, by increasing the applied load, similar to the Pt-based metallic 

glasses. Figure 4.9 depicts the variations of the crystallization peak, as well as, the onset of 

crystallization, versus load. The obtained isothermal crystallization peaks are nearly 

symmetric, which suggests the same crystallizaion mechanism.  

Load (N) As-
prepared 0 10 50 100 1000 10000 

Crystallization 
Time 

Onset (min) 
41.17 30.32 19.18 14.25 8.68 6.86 5.03 

Elliptical 
Minor 

Diameter 
(mm)-Major 

Diameter (mm) 

N/A N/A 3.17-
3.22 

3.87-
4.15 

3.89-
4.28 

5.29-
5.54 

6.39-
6.59 

Thickness 
(mm) N/A N/A 0.176 0.118 0.102 0.06 0.049 
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Table 4.4. Onset of crystallization, crystallization peak time, size, and thickness of the Zr-
based disk-shape bulk metallic glasses compressed under various loads, at 405°C. 

 

 

Figure 4.8. Isothermal thermographs of Zr-based bulk metallic glass disks produced at 
405°C, applying different loads as indicated. 

Load (N) As-
prepared 0 10 50 100 1000 

Crystallization Time 
Onset (min) 12.81 8.91 7.85 6.5 6.34 7.59 

Crystallization Peak 
(min) 39.44 33.06 30.26 30.05 25.71 16.64 

Elliptical 
Minor Diameter (mm) 
-Major Diameter (mm) 

N/A N/A 2.56-
2.82 

3.46-
3.74 

3.89-
3.98 

6.07-
6.12 

Thickness (mm) N/A N/A 0.242 0.15 0.092 0.05 
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Figure 4.9. Variations of the crystallization peak and onset of crystallization, versus load 
for Zr-based bulk metallic glass disks produced at 405°C. 

 

The same experiments were repeated for Zr-based metallic glass samples 

compressed at 400°C, at which the onset of crystallization can be easily recognized. As it 

was mentioned previously, decreasing the temperature, the crystallization peaks shift to 

longer times, which make it easier to recognize the onset of the crystallization peaks. The 

crystallization curves obtained for the Zr-based metallic glasses compressed at 400°C are 

shown in Figure 4.10. The onset of crystallization, crystallization peak time, size and 

thickness of the Zr-based disk-shape metallic glasses compressed at 400°C are given in 

Table 4.5. 
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Figure 4.10. Isothermal thermographs of Zr-based bulk metallic glass disks produced at 
400°C, applying different loads as indicated 

 

 

 

 

Table 4.5. Onset of crystallization, crystallization peak time, size, and thickness of the Zr-
based disk-shape bulk metallic glasses compressed under various loads, at 400°C. 

Load (N) As-
prepared 0 10 100 1000 

Crystallization Time 
Onset (min) 19.03 16.32 15.73 15.63 14.01 

Crystallization Peak (min) 53.29 50.03 52.14 43.29 35.95 
Elliptical 

Minor Diameter (mm)- 
Major Diameter (mm) 

N/A N/A 2.79-
2.89 

4.15-
4.23 

6.09-
6.20 

Thickness (mm) N/A N/A 0.227 0.103 0.053 
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In another experiment, small pieces of Pd-based metallic glasses were compressed 

under various loads at 355°C. Then, the isothermal calorimetric analysis was run for the 

disk-shape samples. The obtained isothermal crystallization curves are shown in 

Figure 4.11. Further, crystallization peak time, and size and thickness of samples are listed 

in Table 4.6. According to the obtained crystallization data, the Pd-based metallic glasses 

exhibit the similar crystallization behavior as that of Zr-based metallic glasses. 

 

 

Figure 4.11. Isothermal thermographs of Pd-based bulk metallic glass disks produced at 
355°C, applying different loads as indicated. 
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Table 4.6. Crystallization peak time, size, and thickness of the Pd-based disk-shape bulk 
metallic glasses compressed under various loads, at 355°C. 

Load (N) As-
prepared 0 10 50 100 1000 

Crystallization 
peak (min) 56.64 48.52 47.09 43.29 39.93 31.1 

Elliptical 
Minor Diameter 

(mm)- 
Major Diameter 

(mm) 

N/A N/A 3.02-3.10 3.84-4 4.03-4.21 5.35-5.5 

Thickness (mm) N/A N/A 0.183 0.114 0.102 0.062 
 

4.4 Characterization of crystallization kinetics via Avrami exponent 

Johnson-Mehl-Avrami (JMA) equation is widely used for studying the 

crystallization kinetics of metallic glasses, using isothermal crystallization data (Christian 

1975, Madge and Greer 2004). The volume fraction of the metallic glass, transformed as a 

function of time, can be obtained using JMA equation, which can be written as 

X(t) = 1 − exp [−(K(t − t0))n],   t> t0                                             (1) 

Where, X is the volume fraction transformed, K the temperature dependent kinetic 

parameter (reaction rate constant), t0 the incubation time and n is the Avrami exponent. The 

reaction rate constant, K, can be written as  

K = K0 exp(−E R⁄ T) (2) 

Where, K0 is the frequency factor constant, E the apparent activation energy, R the 

gas constant and T is the absolute temperature. Thereby, the equation (1) can be written as  
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l n[ l n( 1 (⁄ 1 − x)] = l n( K) + n l n( t − t0� (3) 

Avrami exponent, n, can be obtained by drawing a plot of ln[ln(1/(1-x)] versus ln(t-

t0). The Avrami exponent that is the slope of the afore-mentioned plot can be utilized to 

characterize the crystallization kinetics of nucleation and growth in an isothermal 

calorimetric analysis. The Avrami exponent was calculated for the Zr-based metallic 

glasses, pressed under 100 N at 405°C, using equation (3). The fraction of metallic glass 

crystallized at any time, t, was determined by the area under the isothermal curve up to 

time t, divided by the total area under the isothermal crystallization curve. The transformed 

volume fraction with respect to time is plotted in Figure 4.12.  

The transformed fraction as a function of time is a sigmoid curve. The obtained plot 

indicates that the fraction transformed to the crystalline phases is increasing with 

isothermal annealing time. When the crystallization peak is completed, the total volume of 

the sample is converted to crystals and the fraction transformed reaches 1, in the sigmoidal 

graph. Further, the plot of ln[ln(1/(1-x)] versus ln(t-t0) for this sample is shown in Figure 

4.13. The Avrami exponent can be obtained by measuring the slope of this graph. The 

results show that the Avrami plot can be divided into two linear stages. The fitted equations 

were obtained by approximation. The r-squared value of 0.99 was obtained for both stages, 

which shows the data are closely fitted to the regression line. The first stage shows n= 1.8 

and the second stage represents n=2.7. At the primary stage of the graph, the Avrami 

exponent is about 2, meaning that Crystallization process is initiated by one-dimensional 

nucleation and its growth (Qin, Zhang et al. 2004). At the second stage, the Avrami 

exponent is about 3 that means zero nucleation rate and a constant growth rate resulting 
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from quenched-in (pre-existing) nuclei (Qin, Zhang et al. 2004). Therefore, the lack of 

incubation time in Zr-based and Pd-based metallic glasses is consistent with the existence 

of quenched-in nuclei models.  

Since the obtained Avrami plot doesn’t show a linear behavior, the local Avrami 

exponent, n(x), can be applied for a precise description of the nucleation and growth 

kinetics (Gao, Shen et al. 2003). Utilizing the local Avrami exponent, the crystallization 

kinetics of the amorphous alloy in each transformed volume fraction of the material can be 

characterized in terms of the nucleation and growth mechanisms (Figure 4.14). 

 

 

Figure 4.12. The solid line represents the isothermal calorimetric crystallization curve for 
the Zr-based bulk metallic glass pressed under 100N at 405°C. Dashed lines shows the 
transformed volume fraction of the bulk metallic glass versus time. 
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Figure 4.13. Avrami plot for the Zr-based bulk metallic glass pressed 
under 100N at 405°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Relationship between local Avrami exponent n(x) and the crystallized 
volume fraction x% for Zr-based bulk metallic glass pressed under 100N at 405°C. 
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Madge et al. (Madge and Greer 2004) studied the effect of Ag addition to a Mg-

based metallic glass and scrutinized the potential reasons for observing no correlation 

between glass forming ability (GFA) and thermal stability. They used Avrami exponent to 

explain the crystallization peaks obtained by isothermal calorimetric analysis. Moreover, 

they observed a high GFA resulted from lower growth rate and a lower thermal stability 

due to the existence of quenched-in nuclei, after addition of Ag. In another study, Qin et 

al.(Qin, Zhang et al. 2004) investigated the crystallization kinetics of a Ni-based metallic 

glass, utilizing isothermal calorimetric analysis. The large values of n greater than 3, 

suggested that crystallization is governed by 3-dimensional nucleation and growth. They 

have also discussed the origins of nanocrystals formation during the annealing process. 

4.5 Critical shear rate for shear-accelerated crystallization 

Flow alignment of the chains, which decreases the entropy of the melt, is introduced 

as the main reason for shear-accelerated crystallization (Shao, Singer et al. 2015). The 

shear field generated by compressive loads can induce growth of existing nuclei in the 

metallic glasses. To study the influence of the shear rate on crystallization kinetics, the 

isothermal calorimetric data can be utilized. The critical shear rate is defined as the value 

of shear rate above which, the shear strain assumed to have an effect on the crystallization 

kinetics of the metallic glasses. The critical shear rate can be obtained using melt viscosity 

that shows a Vogel–Fulcher–Tammann (VFT) temperature dependence, which can be 

written as  
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η = η0 exp �
F∗ T0

T − T0
� (4) 

Where, η0 is the high temperature limit of viscosity (~10-5 Pa.s), F* the fragility 

index (5-100) and T0 is the temperature at which the liquid ceases to flow. The η0 can be 

obtained through η0=NA.h/Vm, where NA, h, and Vm are Avogadro’s number, Planck’s 

constant and the molar volume, respectively. The molar volume is calculated using 

Vm=M/ρ, where M is the molar mass and ρ represents the density. Thereby, the critical 

shear rate is obtained using the following equation. 

�̇�𝛾𝑐𝑐 =
𝑘𝑘𝐵𝐵𝑇𝑇

3𝜋𝜋𝜂𝜂0𝑎𝑎3
 exp �−

𝐹𝐹∗ 𝑇𝑇0
𝑇𝑇 − 𝑇𝑇0

� 
(5) 

Where, kB and a represent the Boltzmann constant and the volume weighted 

average atomic size (diameter), respectively. Using the above-mentioned equations, the 

critical shear rate was calculated for the Pt-based, Pd-based and Zr-based bulk metallic 

glasses, shown in Table 4.7. Shao et al. (Shao, Singer et al. 2015) used critical shear rate 

to characterize the crystallization kinetics of wedge shape Pt-based bulk metallic glasses 

thermoplastically pressed under various loading rates. 
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Table 4.7. T0 is the temperature, η0 the high temperature limit of viscosity (~10-5 Pa.s), F* 
is the fragility index (5-100). The critical shear rate is obtained for three compositions of 
bulk metallic glasses. 

bulk metallic glasses T0 (°C) η0 (Pa.s) F* �̇�𝜸𝒄𝒄 (s
-1) 

Pt-based 63 4*10
-5 16.4 0.85 

Zr-based  149.6 10
-5 12.4 3102 

Pd-based  173 5*10
-5 10.3 7.82 
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CHAPTER 5  

                                      CONCLUSIONS 

Unlike other metallic materials that have a crystalline structure, metallic glasses 

have disordered atomic structure. Lack of grains and grain boundaries in metallic glasses 

result in homogenous and isotropic properties. Metallic glasses have unique properties, 

such as high strength, high elastic strain, wear resistance, corrosion resistance and 

thermoplastic processing capability. The metastable nature of metallic glasses makes them 

suitable for many applications, since significant thermoplastic formability. Metallic glasses 

can be deformed to any desired and even complex shapes when they are heated above their 

glass transition. However, crystallization during the thermoplastic forming process may 

hinder the shaping operations. Therefore, investigating the parameters affecting the 

crystallization kinetics is very important. Among these parameters, processing time 

window and processing temperature have been widely studied. However, there is a lack of 

knowledge on the effect of load and loading rate.  

Recent studies indicate that the load and loading rate can affect crystallization 

kinetics and consequently the thermoplastic processing ability. In this study, the load effect 

is investigated for three compositions of metallic glasses, namely, Pt-based, Zr-based, and 

Pd-based. To achieve this, the metallic glass samples are thermoplastically compressed 

under various loads. Then, the isothermal calorimetric analysis is used to study the onset 

of crystallization and the crystallization peaks. The results illustrate that the crystallization 

is accelerated after the thermoplastic deformation compared to the samples annealed 
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without deformation. However, the load response of the metallic glasses is alloy-

dependent. The Pt-based metallic glass showed change in both the onset of crystallization 

as well as the crystallization peak. But, in the Zr-based and Pd-based metallic glasses, only 

the crystallization peaks were altered by application of load. This can be due to the pre-

existing (quenched-in) nuclei in the as-prepared Pd-based and Zr-based samples. The pre-

existing nuclei can cause the rapid crystallization of the samples during isothermal 

annealing. The presence of incubation time in Pt-based metallic glasses can be attributed 

to the lack of pre-existing nuclei.  

By increasing the applied loads, the crystallization peak time of three metallic 

glasses were decreased. It can be assigned to increasing the free volume generated by 

plastic flow, which decreases viscosity and consequently increases atomic mobility. 

Therefore, the atoms rearrenge to  an ordered structure, which affects the crystallization 

process. The obtained results prove the effect of loading on crystallization kinetics and can 

be used to optimize thermoplastic processing conditions. Further studies on the effect of 

loading rate at various temperatures are required to obtain a comprehensive understanding 

of metallic glass supercooled liquids during thermoplastic forming.      
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