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ABSTRACT 

An inverted die casting technique has been developed for the rapid and reproducible production 

of high quality lightweight bulk metallic glass (BMG) castings. Comprehensive processing maps 

for producing lightweight BMG samples of cross section 3.15 mm x 7 mm and a length of 125 

mm were developed as a means of identifying the optimum casting conditions for producing 

casting of high structural integrity, maximum length and enhanced surface quality. Utilising 

these maps, Mg65Cu25Yio and Ca65Mgi5Zn2o BMGs were consistently produced using the 

inverted injection die casting method and a naturally cooled copper mould, by choosing injection 

parameters that stabilise the molten metal flow front within the mould cavity. Highest quality 

MgesCuasYio BMG bars were produced in the casting temperature range of 560 °C to 580 °C 

and gate velocities in the range of 12.5 to 15 m/s. Highest quality CaesMgisZngo BMG bars were 

produced in the casting temperature range of 480 °C to 520 °C and gate velocities in the range 

of 13.8 to 14.7 m/s. The casting parameter range for achieving the highest quality castings for 

the lightweight BMGs examined was found to be practically identical and related to the casting 

system geometry. The use of higher holding pressures when casting was also found to increase 

the sample surface quality due to a post-casting consolidation process during sample cooling. 

As part of the experimental program, critical cooling rate experiments were carried out, whereby 

the change in casting temperature over time was measured between Ti and Tg. The resulting 

castings were analysed using x-ray diffraction (XRD). The MgesCuasYio BMG was found to have 

a critical cooling rate between 49 and 61 °C/sec, and may be gravity cast in a copper mould to 

achieve a completely amorphous structure between 3 and 3.75 mm, or readily cast using the 

inverted injection method successfully to obtain a thickness of 3.15 mm. The Ca65Mgi5Zn2o 

BMG was found to have a critical cooling rate between 150 and 170 °C/sec, and may be cast 

using the inverted injection method to achieve a completely amorphous structure of a diameter 

8 to 9 mm. 

From the as-cast samples, differential scanning calorimetry (DSC) experiments were carried out 

as to determine the thermal properties of both materials where it was found that the 

Mg65Cu25Yio BMG had glass transition and crystallisation temperatures that varied with heating 

rate. Tg varied from 138 °C for a heating rate of 2 °C/min to 148 °C for a heating rate of 20 

°C/min. Tx varied from 195 °C for a heating rate of 2 °C/min to 213 °C for a heating rate of 20 

°C/min. This indicates a supercooled liquid (SCL) interval of 57 to 65 °C. The Ca65Mgi5Zn2o 
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BMG was found to have glass transition and crystallisation temperatures that were almost 

independent of heating rate. Tg varied from 102 °C for a heating rate of 5 °C/min to 105 °C for a 

heating rate of 20 °C/min. Tx remained relatively unchanged with heating rate at 137 °C, 

indicating a SCL interval of 32°C. Isothermal DSC results show that the onset of crystallisation 

occurs much more quickly in the CaesMgisZngo BMG and follows a non-Arrhenius type 

relationship as opposed to the slower, Arrhenius crystallisation kinetics displayed by the 

MgesCugsYio BMG. 

In conjunction with this work, the elevated temperature mechanical properties of these BMGs 

was studied. When deformed in tension at an elevated temperature under constant strain rate 

conditions, it was found that an increase in test temperature resulted in a decrease in both peak 

stress and flow stress. It was also found that an increase in strain rate resulted in an increase in 

both peak stress and flow stress. It was established that Newtonian flow occurred at high 

temperatures in the SCL region and at lower strain rates. The CaesMgisZnao BMG was found to 

be far more strain rate sensitive with respect to brittle fracture, exhibiting a maximum achievable 

strain rate for homogeneous flow of 10 '^/s compared to 10 Vs for the MgesCuasYio BMG. 

Elongations achieved for the MgesCuasYio BMG exceeded 1300% compared to a maximum 

elongation of 598% for the CaesMgisZngo BMG under constant temperature/ constant strain rate 

conditions, with elongation usually limited due to the onset of crystallisation. 

Both BMGs were found to crystallise under certain deformation conditions. For these conditions, 

the Mg-based BMG was found to display a stress increase due to crystallisation prior to the 

times determined by static crystallisation experiments due to dynamic segregation of the 

amorphous phase into Cu rich and Y rich regions, as determined by atom probe tomography 

(APT). Where crystallisation occurred in the Ca-based BMG under dynamic conditions a 

delayed stress increase due to crystallisation was observed in comparison to static 

crystallisation experiments. The dynamic stabilisation (time delay to crystallisation) of the 

amorphous phase in the CaesMgisZnao alloy was found to decrease with increasing test 

temperature and decreasing strain rate. Constant load defomation experiments were carried out 

at a constant heating rate of 5 °C/sec for the Ca65Mgi5Zn2o BMG. It was found that stress 

overshoot behaviour was avoided and a strain of 850% was achieved prior to crystallisation 

hardening and subsequent failure which is larger than that observed in constant strain rate 

testing. 
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SECTION 1 - INTRODUCTION 

SECTION 1 • INTRODUCTION 

It has been long known that the process of nucleation and growth of a crystalline phase in some 

metallic alloy melts could be kinetically bypassed upon rapid cooling to produce a metastable 

amorphous phase (of frozen liquid configuration) which exhibits indefinite structural relaxation 

times - that is, a metallic glass. Metallic glasses have received renewed attention due to the 

more recent discovery of multi-component alloy systems with high glass-forming ability (GFA) 

that form glasses from the melt at relatively low cooling rates (from 100 °C/sec to 0.1 °C/sec or 

less). Particular compositions of these glassy alloys can be produced in bulk sample sizes in 

excess of 100 mm by conventional copper mould casting. Alloy systems that form these bulk 

metallic glasses (BMGs) are somewhat impervious to crystallisation and constitute a significant 

advance in materials science and engineering. The term 'bulk metallic glass' is generally given 

to alloy systems that retain a completely amorphous structure for a section greater than 1 mm in 

thickness when cast into a copper mould. 

The absence of crystalline characteristics such as ordered atomic structures, grain boundaries 

and dislocations accounts for the vastly different thermal, chemical and physical attributes 

exhibited by BMGs when compared to their crystalline counterparts. Some of these outstanding 

properties include; extraordinarily high specific strengths; high hardness (hence wear 

resistance), extremely low damping characteristics (high resilience); the ability to be 

superplastically formed at slightly elevated temperatures; exceptional corrosion resistance, and 

unique soft magnetic properties. BMGs may also be partially crystallised to achieve strength 

values higher than that of the completely amorphous structure (due to a composite effect). 

Rapid advancement in the BMG field over the last decade has seen a significant effort in the 

exploitation of the unique physical, mechanical and chemical properties of these materials. The 

absence of a grain structure in these materials means that their strength and stiffness is defined 

by atomic bond strengths rather than grain related mechanisms. Hence these materials display 

strength and hardness values typically three to four times higher than corresponding crystalline 

alloys. On the other hand the stiffness of BMGs is generally less than that of corresponding 

crystalline materials. Also attributed to their structure is the extremely low damping capacity and 

high elastic limit which deems BMGs an optimal material for mechanical energy storage and 

transfer devices such as springs. 
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However, the lack of a crystalline structure and dislocations exposes the poor ability of BMGs to 

accommodate strain, deeming them intrinsically brittle in the bulk glassy state. Contrary to this, 

is the fact that the brittle nature of BMGs is eliminated below a critical geometrical size. These 

constraints are related to the size of the plastic zone at a progressing crack tip. Below this 

critical geometry (say thin sheets or fibres), BMGs are quite tough. 

Similar to regular ceramic or oxide glasses, BMGs exhibit a distinct glass transition temperature, 

which signifies the transition of the material from a somewhat brittle glassy solid at room 

temperature to a supercooled liquid at elevated temperature whereby the viscosity of the 

material decreases dramatically. It is this decrease in viscosity that allows BMGs to be 

superplastically deformed in the supercooled liquid region to strains in excess of 20,000% and 

at strain rates well in excess of 10'̂ s \ The low viscosity of BMGs in the supercooled liquid 

region and the absence of microstructural features to hinder fine feature replication also allows 

for the micro and nano forming/indentation of such materials. The high corrosion resistance of 

BMGs is also attributed to the lack of microstructural features such as different intermetallic 

phases and grain boundaries which, in crystalline materials, act as instigators for 

anodic/cathodic reactions within the material, thereby accelerating corrosion. 

Of interest in this study are the lightest of BMG forming systems based on magnesium and 

calcium. Both base elements of these systems display low densities and, of interest to large-

scale commercial production, are relatively inexpensive and already available in current industry 

processes. 

Discovered in the early 1990's, magnesium-based BMGs display several advantageous 

properties over commercial magnesium-based alloys. The Mg-based BMGs display a much 

higher specific strength and hardness than commercial crystalline Mg-based alloys and exhibit 

superior corrosion resistance. The formability/ductility of crystalline magnesium alloys is quite 

poor due to the limited number of slip systems available in their hexagonal close packed 

structure, whereas the Mg-based BMGs may be superplastically formed at slightly elevated 

temperatures. 

Discovered in 2002, calcium-based BMGs have extremely low densities, very low glass 

transition temperatures (hence low superplastic forming temperatures) and could be considered 

as engineering materials, unlike the highly reactive calcium metal. Another attractive aspect of 

the Ca-based BMGs is their biocompatible compositions, appointing them as prospective 

dissolvable implant materials. 
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Promising lightweight BMG systems that exhibit high glass-forming ability include the Mg-Cu-Y 

system, (MgesCuasYio) and the Ca-Mg-Zn system (CaesMgisZnao). Both systems have a 

relatively low liquidus temperature, are very close to eutectic compositions and have 

experimentally accessible supercooled liquid regions. These alloys will be used as the base 

materials in this thesis. 

Throughout this study, various casting techniques have been researched, examined and 

developed as a means of producing large quantities of magnesium- and calcium-based BMG 

castings of reproducible high quality and practical geometry to be used for further material 

testing. In conjunction with this work, both the mechanical and visco-elastic properties of these 

alloys over varying temperatures and strain rates will be examined as to determine practical 

processing routes for the manufacture of BMG components. 

The motivation for this work is the development of an in depth understanding of the nature of 

these materials in terms of their production and properties, such that the knowledge and 

experience generated within this project may be applied beyond the laboratory scale, which may 

eventually see these materials gain acceptance in industrial applications and the market place. 
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S E C T I O N 2 - L I T E R A T U R E R E V I E W 

2 .1 . BACKGROUND 

For over fifty years, it has been known from the work of Buckel and Hiisch^̂ ^ that a non-

crystalline metallic solid can be made by the condensation of metals onto a cooled substrate. 

The formation of the first metallic glass from a melt, of composition AU75SÌ25 was reported by 

Duwez et al, at Caltech, USA, in Their work showed that the process of nucleation and 

growth of a crystalline phase could be kinetically bypassed in some alloy melts to yield a frozen 

liquid configuration, that is, a metallic glassJ^' Research in the field of metallic glasses gained 

momentum in the early 1970s and 1980s when continuous casting processes for the 

manufacture of metallic glass ribbons, wire, and sheets were developed "̂̂ ^ leading to the 

discovery of a multitude of glass-forming binary systems consisting of one or more transition 

metalŝ "̂®^ or simple metals 

Turnbull and coworkers identified the similarities between metallic glasses and non-metallic 

glass systems such as silicates, ceramic glasses, and polymers. It was shown in their work that 

a glass transition in conventional glass-forming melts could also be observed in rapid quenched 

metallic glasses.̂ ^ '̂̂ ^^ The glass transition was found to occur at a well-defined temperature that 

varied only slightly as the heating rate was changed.̂ ^^^ Turnbull also predicted that a ratio of the 

glass transition temperature TgXo the melting point, or liquidus temperature TmO\ an amorphous 

alloy, referred to as the reduced glass transition temperature Trg = Tg /Tm, can be used as a 

criterion for determining the glass-forming ability (GFA) of the alloy.̂ "̂̂ '̂ ^̂  

2.1.1 Discovery of Bulk Metallic Glasses 

The universal definition for a bulk metallic glass (BMG) is an alloy that can be cast 

conventionally with a critical casting thickness of one millimetre or greater. According to this 

definition the first BMG was the ternary Pd-Cu-Si alloy prepared by Chen in 1974.̂ "'®̂  They 

used simple suction-casting methods to form millimetre-diameter rods of Pd-Cu-Si metallic 

glass at a low cooling rate of 10^ K/s.̂ ®̂̂  In 1982, Turnbull and co-workers^^^ ""®̂  successfully 

prepared the well-known Pd-Ni-P BMG by using a boron oxide fluxing method to purify the 

melt and to eliminate heterogeneous nucleation. 

By the late 1980s, Inoue and co-workers of Tohoku University, Japan succeeded in finding 

new multi-component alloy systems consisting mainly of common metallic elements with 
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considerably lower critical cooling By systematically investigating the GFA of 

ternary alloys, they observed exceptional GFA in the rare-earth-based alloys, for example, 

La-AI-Ni and La-AI-CuJ^®' By casting the molten alloy into water-cooled Cu moulds, they 

obtained fully amorphous rods and bars with thicknesses of several millimetres. Based on this 

work, the research group developed similar quaternary and quinary BMGs (e.g. La-AI-Cu-Ni 

and La-AI-Cu-Ni-Co) with cooling rates under 100 °C/s and the critical casting thicknesses 

reaching several centimetres.^^^^ Similar alloys with rare-earth metals being replaced by Mg, 

such as Mg-Cu-Y, Mg-Ni-Y, were also developed,̂ ^^^ along with multi-component Zr-based 

BMGŝ ^̂ ^ (e.g. Zr-Cu-Ni and Zr-Cu-Ni-AI). 

The work of Inoue and co-workers opened the door to the design of new BMG systems and 

demonstrated that high GFA was not limited to Pd-based alloys and could be achieved in an 

incredible array of alloys. At present, the Pd4oCu3oNiioP2o alloy has the lowest critical cooling 

rate for a BMG of around 0.1 °C/s which equates to a maximum sample thickness in excess 

of 137 mm.̂ "̂̂ ^ Currently, the BMG with the largest supercooled liquid region of 135 °C is the 

(Zr82.5Til7.5)55(Ni54CU46)l8.75Be26 .25 alloy. 

The design of the Zr-Ti-Cu-Ni-Be glass-forming alloy family by Peker and Johnson̂ ^®^ was a 

significant step fon/vard. The now commercial Vitreloy 1 (viti) of composition 

Zr4iTii4Cui2.5NiioBe22.5, is one of the most extensively studied BMGs in the family. The 

formation of BMGs in this family requires no fluxing or special processing treatments and can 

form bulk glass by conventional metallurgical casting methods. Its GFA and processing ability 

are comparable to those of many silicate glasses. This finding illustrates the possibility of 

processing metallic glasses by common foundry methods.̂ ^^^ BMGs that exhibit high thermal 

stability and superb properties have considerable potential as advanced engineering 

materials. Some of the Zr-based BMGs have found applications in sporting goodŝ °̂̂  and 

other components.̂ ^ '̂̂ ®^ 

2.1.2 Bulk Metallic Glass-Forming Systems 

New BMG forming systems are constantly being discovered and developed in a bid to improve 

their glass-forming ability and application properties so that they may be utilised as useful, bulk, 

construction materials. A range of the major glass-forming alloy systems is given in Table 2.1, 

along with their year of publication. 
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Table 2.1: Bulk metallic glass-forming systems and their publication years. 

BMG System Y E A R R E F 

Pd-Cu-Si 1974 [16] 

Pt-Ni-P 1975 [29] 

Au-Si-Ge 1975 [29] 

Pd-Ni-P 1982 [17] 

Mg-Ln-(Cu, Ni, Zn) 1988 [19] 

Ln-AI-TM 1989 [21] 

Zr-Ti-AI-TM 1990 [22] 

Ti-Zr-TM 1993 [20] 

Zr-Ti-Cu-Ni-Be 1993 [26] 

Nd(Pr)-AI-Fe-Co 1994 [30] 

Zr-(Nb,Pd)-AI-TM 1995 [25] 

Cu-Ti-Zr-Ni 1995 [31] 

Fe-(AI,Ga)-(P,C,B,Si,Ge) 1995 [20] 

Fe-(Nb,Mo)-(AI,Ga)-(P,B,Si) 1995 [20] 

Pd-Cu(Fe)-Ni-P 1996 [24] 

Co-(AI.Ga)-(P,B,Si) 1996 [20] 

Fe-(Zr,Hf,Nb)-B 1996 [20] 

Co-Fe-(Zr,Hf,Nb)-B 1996 [20] 

Ni-(Zr,Hf,NbHCr,Mo)-B 1996 [20] 

Pd-Cu-B-Si 1997 [20] 

Ti-Ni-Cu-Sn 1998 [20] 

La-AI-Ni-Cu-Co 1998 [32] 

Fe-Co-Ln-B 1998 [20] 

Ni-Nb 1999 [33] 

Fe-(Nb,Cr,Mo)-(P,C,B) 1999 [20] 

Ni-(Nb,Cr,Mo)-(P,B) 1999 [20] 

Zr-Nb^Cu-Fe-Be 2000 [34] 

Fe-Mn-Mo-Cr-C-B 2002 [35] 

Ca-Mg-(Cu,Ag) 2002 [36,37] 

Ni-Nb-(SnJi) 2003 [38] 

Pr(Nd)-(Cu,Ni)-AI 2003 [39] 

Ca-(Mg, AI)-(Cu,Ag,Zn) 2004 [40] 

Co-Fe-Ta-B 2004 [41] 

Mg-Zn-Ca 2005 [42] 

(Ce, La, Pr, Nd)-AI-Ni-Go 2005 [43] 

(Gd, Tb, Dy, Ho, Er, Sc)-Y-AI-Co 2005 [43] 

Key: 
Ln = Lanthanide Metal, TM = VI - VIII Group Transition Metal 
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2.2. CONDITIONS FOR GLASS FORMATION IN METALLIC SYSTEMS 

To date, the mechanisms that establish a stable amorphous structure in metals are not fully 

understood. Various methods and models have been developed to produce metallic glasses in 

bulk. Based on various works, the prediction of high glass-forming alloy compositions was 

simplified by Inoue who proposed three empirical rules, relating to: multi-component alloy 

systems; atomic sizes of alloy constituents, and heats of mixing between constituents.^^°^ It is 

claimed that alloys satisfying the three empirical rules have unique atomic configurations in the 

liquid state which are significantly different from those of the corresponding crystalline phases. 

These atomic configurations tend to favour glass formation in terms of thermodynamics and 

kinetics as well as hinder the development of a crystalline microstructure. 

2.2.1 Multi-Component Alloy Systems 

Inoue had proposed that to form a bulk metallic glass, a multi-component alloy system 

containing three or more atomic species is necessary. (First Empirical In general, the 

GFA in BMGs tends to increase as more atomic species are added to the alloy. This is 

commonly accepted as the "confusion pr inc ip le" ,wh ich suggests that a greater number of 

atomic species present in an alloy tends to destabilise long range atomic configurations during 

cooling, hence suppressing the tendency of an alloy to crystallise. 

2.2.2 Atomic Size Difference 

One of the general guiding principles to designing alloys that form BMGs is to choose elements 

with large differences in atomic size or specific atomic size ratios that leads to a complex 

structure that may promote an efficient local atomic packing density and hence suppress 

c r y s t a l l i s a t i o n . A n atomic size ratio above 12% among the three main constituent elements 

was proposed by Inoue for BMG forming sys tems .Recen t l y , t o p o l o g i c a l , a n d 

thermodynamic "̂̂ ®^ models have been developed in an attempt to understand this phenomenon. 

The latter model also predicts an increase in glass-forming ability with the increase in the atomic 

size of the solvent element. This prediction agrees with the experimental observations whereby 

amorphisation of alloys based on elements with relatively large atomic radii occurs more easily 

than in those based on elements with smaller atomic radii. It also agrees with an earlier 

prediction of Davieŝ "̂ ®̂  that the rate of crystallisation decreases with an increase in the atomic 

size of the solvent atom. 
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In 1984, Egami and Wasedâ ®°̂  applied the fundamentals of the Hume-Rothery rules (the role of 

atomic size and the critical concentration of an alloying element in a phase transformation) to 

metallic glass formation to develop a topological criterion. According to this criterion, 

amorphisation takes place when local atomic strains caused by the relative size proportion of 

the solute and solvent atom reach a critical point, where instability in the crystalline lattice is 

induced by changing the local coordination number. The following relationship was developed 

for the minimum solute concentration required for glass formation as a function of the size of the 

solute and solvent atoms: 

(2.1) 

where RA and RB is the radius of the solvent (matrix) atom A and solute atom B, respectively. 

Using this relation, it can be seen that the critical solute concentration for glass formation 

decreases as the difference in size of the solute and solvent atom increases. This model, albeit 

designed for binary systems, is supported by experimental data for binary, ternary and 

quaternary ordinary amorphous alloys, which generally exhibit a characteristic concave 

downward atomic size distribution plot (ASDP) as seen in Figures 2.1 - 2.3. Considering that 

alloying atoms occupy only substitutional sites, the Egami-Waseda model is not applicable for 

the majority of the bulk metallic glasses, which generally have a characteristic concave upward 

ASDP.f''^ 

In order to find more specific criteria for discovering alloy systems with high glass-forming 

ability, Senkov and Miraclê "̂ '̂"̂ ®̂  considered topological differences between ordinary and bulk 

amorphous alloys. By using powder metallurgy analogy (i.e. random packing density can be 

increased if the different-sized particles present in the material are in certain proportions), they 

considered ways to increase the density of the amorphous phase. The atomic size distribution 

plots (ASDPs) of more than 100 alloys containing at least three elements were analysed. In this 

study, binary amorphous alloy systems were excluded due to the fact that BMGs were not 

produced in binaries. Atomic concentrations were plotted against atomic radii of the constituent 

elements to get the atomic size distribution for each amorphous alloy. A remarkable difference 

in the shapes of the composition-atomic radius curves for ordinary and bulk amorphous alloy 

systems was observed. 
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It was found that majority of the BMGs have a characteristic dependence of the alloying 

elements on their atomic radius ratio {R) value as follows: 

R. 
(2.2) 

where R is defined as the radius of the solute atom divided by the radius of the solvent atom. 

It was found that ordinary amorphous alloys had ASDPs with a concave downward shape as 

seen in Figure 2.1. It was also observed that BMGs had ASDPs both in concave downward and 

upward shapes. As can be seen in Figure 2.2a), ASDPs for Mg-based and Cu-based BMGs 

displayed curves similar to ordinary amorphous alloy systems apart from the fact that they were 

not symmetrical about their maximum. 
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Figure 2.1: Atomic size distribution plots for several a) Fe-based and b) Ni-based amorphous 
alloys}'^^ 
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Figure 2.2: Atomic size distribution plots for a) Mg- and Cu-based BMGs and b) Zr-based 
BMGs 

Conversely, ASDPs of Zr-, Pd- and Ln-based alloys produced different shapes, concave upward 

with a minimum at an intermediate atomic size. In these systems, the base element typically has 

the largest atomic size and the smallest atom often had the next highest concentration. 
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Senkov and Miracle proposed a model for BMGs with concave-upward ASDP. According to this 

model, all alloying elements are smaller than the solvent (matrix) element, and some of them 

are positioned in interstitial sites while others substitute matrix atoms. It was suggested that the 

interstitial and substitutional atoms attract each other and form short-range ordered atomic 

configurations that may stabilise the amorphous state. This model suggests that when the size 

ratio between the alloying and the matrix atoms decreases, the critical concentration of an 

alloying element required to stabilise the amorphous state first decreases, approaches a 

minimum and then increases. 

Interstitial sites can be produced for the solvent atoms as the atomic size difference between 

solvent and a solute atom increases. Senkov and Miracle^̂ ^̂  proposed a topological criterion for 

metallic glass formation through déstabilisation of the matrix crystalline lattice by substitutional 

and/or interstitial solute atoms. This model suggests that an alloying element can be in either a 

substitutional or interstitial site or both depending on the relative size to the matrix (solvent) 

atom. 

Recent works by Senkov, Miracle and Scott have established a more specific topological 

criterion for easy glass-forming systems, which can narrow the selection of alloying elements 

and their concentrations based on relative atomic sizes. Local atomic packing configurations 

based on polyhedra that are common in crystalline solids, with 8 or 12. (Values of R* are 

rarely smaller than DO.e in metallic glasses, hence N>8). A capped trigonal prism with N = 9 

has been established,̂ ^^^ and atomic clusters with 10 or 11 may exist in metallic glasses 

with appropriate values of R, but are not yet established. Little work has been reported for 

clusters in systems with R > 1. \n Frank-Kasper phases, atomic clusters with TV = 14, 15 or 16 

have been described in d e t a i l , h o w e v e r ; these clusters were constructed with constraints 
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that may not represent the most efficiently packed configurations. It is also imperative to note 

that solutes with R as large as 1.4 are observed in metallic glasses, suggesting that clusters 

with N as large as 19 may be relevant. 

Figure 2.4 shows histograms displaying the correlation between predicted radius ratios {R*), 

shown as vertical lines in the figures, and solute-to-solvent radius ratios observed in: a) binary 

metallic glasses; b) metallic glasses with marginal glass-forming ability, and c) bulk metallic 

glasses. A summation of these three plots is shown in d).̂ ^̂ ^ 
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glasses and d) a summation of these three plots}^^^ 
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Based on the analysis of the influence of the efficient atomic packing on the constitution of 

metallic glasses by Miracle, Sanders and SenkovJ"^ '̂ it can be seen that values of R, or R*, such 

as 0.62, 0.71, 0.80, 0.88, 0.90 etc., are preferred for the formation of metallic glasses. 

Based on this criterion, a new method for selection of BMG compositions was formulated. 

These criteria are: 

• A solvent (main) element is selected with an atomic radius of 150 pm or larger. The 

larger the radius of the solvent element, the better the expected glass-forming ability of 

the corresponding alloy. 

• Two or more solute elements are selected with atomic radii that correspond to critical 

values of R*, relative to the selected solvent element. Due to some uncertainties in the 

determination of the atomic radii, R can deviate from the critical R* values by up to 3%. 

• The concentrations of the selected elements for a certain alloy are chosen in such a 

way that a concave upward ASDP is produced. Namely, the atomic concentration of the 

solvent element is selected in the range of 40-70%, the concentration of the solute 

elements with R of -0.62 and /or -0.71 are in the range of 15-35% and are higher than 

the concentrations of the elements with R of -0.80, 0.88 and /or 0.90. 

• The number of solute elements with R of -0.62, 0.71 and 0.80 is further narrowed by 

leaving only elements that form binary eutectics with the solvent and each other (as 

discussed in the next section). 

Senkov and Scott have successfully used these new criteria to develop a number of calcium-

based BMGs.̂ "̂ ®̂  

2.2.3 Large Negative Heats of Mixing 

Turnbull (1969) recognised the close correlation between the thermal stability of binary 

metallic glasses and the eutectic melting temperatures of the corresponding a l l o y s . I n 

1978, St. Amand and Giessen^^°^ also noted this relationship within simple metal binary 

metallic glass systems. This relationship was observed in BMGs, such that the glass-

forming composition range generally coincides within alloy compositions that display deep 

eutectic reactions (which form liquids that are stable at relatively low temperatures) and 

negative heats of m i x i n g . I n a more practical sense, a lower liquidus temperature 

enables a lower casting temperature, which allows a mould to cool a melt more rapidly. 
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2 . 3 . GLASS-FORMING ABILITY 

In order to understand the high thermal stability and excellent glass-forming ability (GFA) of 

BMGs, it is important to understand the crystallisation behaviour of the supercooled liquid. 

BMGs have a very stable supercooled liquid state and high thermal stability against 

crystallisation. The ability to form a glass by cooling from an equilibrium liquid is equivalent to 

suppressing crystallisation within the supercooled liquid. If steady-state nucleation is assumed, 

the nucleation rate, I, is determined by the product of a thermodynamic and a kinetic factor̂ ^̂ "̂ ®^ 

as shown: 

Dr I = A—^exp AG' 
k j 

(2.3) 

where A depends on critical nucleus size and surface energy, and may be taken as a constant 

of about Dl and Dim are the diffusivity of the supercooled liquid at T and T^, 
* 

respectively, A G is the thermodynamic free-energy barrier for nucleation of a critical nucleus 

and ks is Boltzmann's constant. According to the standard theory of the first-order phase 

transition, the size of a critical nucleus is estimated as r^ = lyjdG, where dG is the free 

energy difference per unit volume between a supercooled liquid and a crystal and y is the 

interfacial energy between them. Hence, the free-energy barrier for nucleation is given by:̂ ®̂̂  

_ 1 6 V 
3SG' 

(2.4) 

Provided that there is no difference in the heat capacity between the liquid and the crystal, 

namely, SCp = 0, Turnbull deduced that: 

SG = AHj: 
T 

(2.5) 

where AHf is the enthalpy of fusion. Hence, vitrification can be achieved by generating: (i) a 
2 

large free-energy barrier for nucleation, namely, large/VA/ i / , (ii) large Trg = Tg ITm, and (iii) 

slow translational diffusion constant in the supercooled liquid region. These three conditions are 

known as Turnbull's Criteria.'̂ ^^^ Conditions (i) and (ii) are of the thermodynamic origin, while 

condition (iii) is kinetic in origin. 
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2.3.1 Thermodynamic Aspects of Crystallisation 

BMGs exhibit a low driving force for crystallisation in the supercooled liquid state. This low 

driving force results in low nucleation rates which tends to improve GFA. Thermal analysis 

allows the determination of the Gibbs free-energy difference, AG^.^, between the supercooled 

liquid and crystalline solid. Generally, a high GFA is favoured by small values of AG^.^, which 

can be calculated by integrating the specific heat capacity difference ACp"^ (7) according to the 

equation;^^ '̂ 

(T) = AH.-ASfT,- |AC^"' (T)Sr + PW ^ ^^ (2.6) 

where AHf and AS/ are the enthalpy and entropy of fusion, respectively, at a temperature T, 

where the crystal solid and the liquid are in equilibrium. A low AG^,^ means a small enthalpy of 

fusion AHf and large entropy of fusion AS/. The large AS/ is expected to be associated with 

multi-component alloys because ASf is proportional to the number of microscopic states.̂ ^̂ ^ The 

free energy at a constant temperature also decreases in the case of low chemical potential 

caused by the low enthalpy and high value of Trg as well as the large liquid/solid interfacial 

energy.̂ ^^^ Therefore, the increase in the number of alloy components leads to the increase in 

ASf and causes the increase in the degree of dense random packing in the liquid state. This is 

favourable for the decrease in AHf and the solid/liquid interfacial energy. This concept is also 

consistent with the aptly named 'confusion principle'̂ "^^ and Inoue's first empirical 

Figure 2.5a) shows the specific heat capacities based on the thermodynamic data in the 

supercooled liquid for several Figure 2.5b) illustrates the calculated entropy of the 

undercooled Vitreloyi melt with respect to the crystalline state.̂ ®^̂  The entropy of the 

undercooled liquid decreases with increasing undercooling until it reaches the entropy of the 

crystal at the Kauzmann temperature, Tk- The calculated Gibbs free-energy function with 

respect to the crystalline state is shown in Figure from which it can be seen that for 

larger undercoolings, the real Gibbs free-energy difference becomes smaller due to the relative 

stabilisation of the undercooled melt. This stabilisation is attributed to the increasing specific 

heat capacity which arises from a decreasing free volume, and possibly a gradual gain of short-

range order in the alloy melt. 
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The calculated Gibbs free-energy difference between the liquid and solid state stays small even 

for large undercoolings. This relatively small Gibbs free-energy difference is considered to be a 

contributing factor to the high GFA of the a l loy .Figure 2.6b) shows the Gibbs free-energy 

difference between the supercooled liquid and the crystalline mixture for different glass-forming 

alloys.̂ ®°̂  The Gibbs free-energy difference is compared with those of other typical eutectic, or 

close to eutectic, glass-forming systems. The alloys show different critical cooling rates between 

1 °C/s for vit1 and about °C/s for the binary Zr62Nj38 alloy. The glass formers with lower critical 

cooling rates have smaller Gibbs free-energy differences with respect to the crystalline state than 

the glass formers with high critical cooling rates. 
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The small free-energy difference of these deep eutectic bulk metallic glass-forming systems in 

the melt suggests that they already have a small free volume and a tendency to develop 

chemical short range order at or close to their melting point. These findings are consistent with 

the assumption that, in multi-component systems, the crystalline phases exhibit relatively large 

configurational entropies of mixing and with the fact that BMG formers are quite viscous and 

relatively dense liquids at both their melting point and upon undercooling.̂ ®®^ 



SECTION 2 - LITERATURE REVIEW-THE PRODUCTION AND PROPERTIES OF BULK METALLIC GLASSES 

2.3.2 Kinetics of Crystallisation 

Despite the change in specific heat observed at the glass transition of amorphous alloys, the 

transition from the molten to glassy state is not considered a thermodynamic phase 

transformation. The glass transition temperature, Tg is dependant on the heating or cooling rate. 

To better understand the GFA of BMG systems, one needs to be familiar with the crystallisation 

kinetics of these alloys. The viscosity r j has conventionally been regarded as a kinetic factor 

controlling the jumping and rotation rates of atoms or molecules across the nucleus-liquid 

Viscosity can be measured in bulk glass-forming systems in wide 

temperature/time scales. Figure 2.7a) shows the viscosities of the BMG vit4 measured by 

parallel plate rheometry.̂ ®"̂ '® '̂ It can be seen that the viscosity data can be described well with 

the Vogel-Fulcher-Tammann (VFT) relation.̂ ®®'®̂ ^ The VFT equation for the viscosity of a liquid 

in the Newtonian flow regime (low strain rates) can be generally expressed in the form: 

77(vJ = ;7^exp 
V • ^ cnt 

( v . - v j 
(2.7) 

where v^ is the temperature dependent (and more generally pressure dependent) 

molar volume of an equilibrium liquid, is a critical volume, and rj^ = hjv^ is viscosity of the 

liquid at the high temperature "gas" limit (/z=Planck's constant), and v^ is the VFT volume. The 

viscosity of an equilibrium liquid diverges at v^. Equivalently, Eq. (2.7) is often written in the form: 

D T ^ 

i T - T ) 
(2.8) 

where T^ is the VFT-temperature at which the barriers with respect to flow would go to infinity 

and D* is called the 'Fragility' parameter of the liquid. In real liquids D* ranges from ~3 to 5 for 

a fragile liquid, such as a pure metal, and from 40-100 for a strong liquid, such as SiOa glass. 

Bulk metallic glass-forming liquids tend to exhibit "strong" liquid behaviour with D*-values 

typically in the range 15 - For Vitreloy 4, T̂  is found to be far below the calorimetric 

glass transition. This indicates that the BMG-forming liquids behave kinetically much closer to 

silicate melts which have excellent GFA. The change of viscosity of a liquid as a function of 

undercooling can be used to distinguish different liquids as it reflects the change of mobility of 

atoms during supercooling.̂ ®®'̂ ^̂  
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It has also been confirmed that the material transport for crystallisation is not controlled by 

rotational diffusion, D^ { " ^ l / r ] ) , but by translational diffusion, D, , reflecting the 

translational/rotational decoupling below Tm that leads to the breakdown of the Einstein-Stokes 

relation D^ oc D^oc 1/7; jê J Thus, I in Eq. (2.3) is not directly proportional tol /77 , but should 

be proportional to D j . 

Figure 2.7b) compares the change in viscosity (normalised to Pa.s using T/)̂ ®^̂  of three 

BMGs with a selection of non-metallic liquids, of which SiOs is the strongest glass former. It 

exhibits a very small VFT temperature and high melt viscosity. On the other hand, O-terphenyl is 

a typical fragile glass with a low melt viscosity. It shows a more abrupt change in the kinetics 

close to the glass transition temperature. 

The concept of fragility was introduced by Angell̂ ®®'®®̂  to characterise how steeply viscosity 

increases upon cooling. It can be regarded as a measure of the degree of co-operativity of 

motion. Fragility of liquids is defined as the apparent activation energy of shear viscosity, r j , or 

structural relaxation time at the glass transition temperature, Tg, normalised to Tg* as 

follows: 

a log 77(7) 
m ~ 

diTjT) 
(2.9) 

It characterises the steepness of the slope of log rj dependence on Tg IT near Tg (Figure 2.7b)). 

A stronger deviation from Arrhenius behaviour corresponds to a more fragile system. For strong 

liquids, m <30 with a lower limit of - 16 . For example, Si02 and Ge02 have m ~ 20 at Tg. On the 

other hand, fragile liquids are associated with m » 100. BMG forming liquids show behaviour 

closer to strong glasses than that of fragile glasses and have fragility terms (m) from 30-60.̂ ®®̂  The 

melt viscosities of BMGs are in the order of 2 - 5 Pa.s compared to 10'̂  Pa.s of pure metals.̂ ^̂ ^ The 

positive correlation between GFA and the strong nature of liquids was recently suggested by Busch 

et Perera,^°^ and Lu et al.̂ ^^ on the basis of the experimental results of various metallic glass-

forming systems. 
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Another form of VFT equation was introduced using the dependence of Tg on the inverse of 

heating rate, P 

/ * \ 
P L 

-T , \ 8 "-o J 
(2.10) 

where is a pre-exponential factor, Tg is the onset glass transition temperature. Eq. (2.10) 

combines the kinetics of glass transition to the equilibrium viscosity. In addition to this, Busch et 
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al. stated that the heating rate dependence of the glass transition is also a nneasure of the 

fragility of the glass. Here, a lower heating rate dependence indicates a more fragile glass, while 

a higher heating rate dependence indicates a stronger glassJ®°̂  

The relaxation behaviour of BMG forming liquids studied by neutron scattering is also similar to the 

nature of strong liquids.̂ '̂̂ ^^ The strong liquid behaviour implies high viscosity and sluggish kinetics 

in the supercooled liquid state. This greatly retards the formation of stable nuclei in the melt. The 

growth of the thermodynamically favoured phases is inhibited by the poor mobility of the 

constituents. The nucleation and growth of the crystalline phase in the supercooled state is hindered, 

thus leading to large GFA and high thermal stability of the SCL state. 

Figure 2.8 gives a schematic diagram showing the high stability of the BMG forming supercooled 

liquid for up to several thousands of a second.̂ '̂ ^ The conventional metallic glasses have nucleation 

kinetics in the undercooled region such that the onset time for crystallisation was in the regime of 10" 

"̂ to 1 s at the "nose" of the C-curve. For BMG forming systems, there can be C-curves with noses 

at time scale of the order of 100 - 1000 s. Takeuchi et al.̂ ^^ have developed a model specific to 

BMGs in which atomic composition, thermal stability and viscosity are used in the prediction of the 

nose of C-curves, which will be discussed further in SECTION 2.4. 
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Figure 2.8: A schematic C-curve representation of the high stability of a BI\/IG-forming 

supercooled liquidy^^ 
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2.3.3 Structure of Bulk Metallic Glasses 

BMGs are dense liquids with small free volumes and high viscosities which are several orders of 

magnitude higher than those of pure metals or previously known alloys. They are found to have 

a unique type of glassy structure with a high degree of dense randomly packed atomic clusters 

similar to that of the liquid alloy and exhibit long-range homogeneity. Density measurements 

show that the density difference between BMGs and the fully crystallised state (BMGs are less 

dense than their crystalline counterparts) is in the range 0.3-1 which is much 

smaller than the reported range of about 2% for ordinary amorphous alloys.̂ ^®^ They have 

unique local atomic cluster configurations, which introduces multi-component interactions on a 

short-range scale, which promotes an increase of solid-liquid interfacial energy, favourable for 

the suppression of nucleation of a crystalline phase. These atomic cluster configurations, which 

are quite different from those of the corresponding crystalline phases, hinder atomic 

rearrangement within a liquid. This leads to a decrease in atomic diffusivity and an increase in 

viscosity. The requirement of atomic rearrangements of these clusters on a long-range scale for 

crystallisation to occur leads to the suppression of crystalline phases and high glass-forming 

ability.î «-«^^ 

Inoue classified BMGs into three types; metal-metal, metal-metalloid and the Pd-metalloid-type 

The configurations of each are shown in Figure 2.9. 

Mg, Lanthanide, Zr, 
Ti, Hf, Be-Zr -Based Pd, Pt -Based Fe, Co, Ni -Based 

Figure 2.9: The proposed atomic configurations of the three different BMG typesP^^ 

In the metal-metal alloy, numerous studies have revealed that the glass consists of icosahedral 

clusters.̂ ® "̂®^̂  When the BMG is annealed in the supercooled liquid region, the icosahedral 

quasi-crystalline phase (l-phase) precipitates in the primary crystallisation step, and the l-phase 

transforms to stable crystalline phases at higher temperatures.^®^The structural features of 
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BMGs provides a reasonable explanation for their excellent GFA,̂ ®̂ ^ as icosahedral clusters 

(icosahedral short-range order) in the amorphous state would provide an additional barrier to 

the nucleation of crystalline phases as they must be dissociated before the formation of the 

crystalline phases. This results in extremely low atomic mob i l i t y , t he reby making the 

redistribution of atoms on a large scale very difficult. This fundamental structural discontinuity 

between the crystalline and the amorphous state suppresses the nucleation and growth of the 

crystalline phase from the supercooled liquid and results in an excellent GFA. 

Metal-metal BMGs were further categorised by Poon et al. into two sub-classes based on 

atomic size and composition.̂ ®^^ The first BMG class includes BMGs with midsize atoms as the 

majority component, small atoms as the next-majority component, and large-size atoms as the 

minority component producing an ASDP with a concave downward shape, referred to as MSL 

BMGs (medium - small - large). In MSL alloy systems, it is noted that the heats of mixing are 

negative and large in magnitude for the large-small atomic pairs, in many cases even larger 

than those between elements in these pairs and their corresponding medium (solute) atom 

components.̂ "̂ '̂®^^ The large and small atoms are seen as forming a strong L-S network or 

reinforced 'backbone' in the amorphous structure. Presumably, this backbone structure 

enhances the stability of the undercooled melt that further suppresses crystallisation in these 

glasses.f'^'-®'! 

The other BMG class includes alloys composed primarily of large-size atoms and small-size 

atoms producing an ASDP with a concave upward shape. This group of BMGs is referred to as 

the large atom-small atom or small atom-large atom (LS/SL) class, to which the majority of 

glass-forming systems belong, which, as mentioned previously rely upon the binding strength of 

atomic clusters and difficulty of atomic redistribution for their high GFA.̂ ®̂ '®̂ ^ 

For the metal-metalloid-type glassy alloys such as Fe(Co)-Nb-B etc., a network of atomic 

configurations consisting of trigonal prisms which are connected to each other through 'glue' 

atoms (usually Zr, Nb, Ta or lanthanide metals). Fe-based BMGs form primary crystals of 

complex f.c.c.-Fe23B6 phase with large lattice parameter of 1.1 nm and a unit volume consisting 

of 96 atoms.^"^^ 

Pd-based BMGs do not satisfy the three empirical rules proposed by Structural 

investigations have shown that Pd-Cu-Ni-P BMGs consist of two large clusters, one is a 
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trigonal prism capped with three half-octahedra for the Pd-Ni-P and the other a tetragonal 

dodecahedron for the Pd-Cu-P region, as shown in Figure 2.1 The coexistence of these 

two large different clusters appears to play a crucial role in the stabilisation of the supercooled 

liquid in the Pd-Ni-Cu-P alloy, as is evident from the difference in GFA between Pd-Ni-Cu-P and 

Pd-Ni-P. This is attributed to the strong bonding nature of metal-metalloid atomic pairs and the 

difficulty of rearrangement the two different clusters. 

2.3.4 Crystallisation 

The crystallisation of a BMG requires a substantial redistribution of the component elements 

across the liquid. The highly dense, randomly packed structure of the BMG in its supercooled 

state results in extremely low atomic mobility, thus making the redistribution of atoms on a large 

scale difficult. BMGs offer a large experimentally accessible temperature/time window to 

investigate the nucleation and growth of crystals in the supercooled liquid state. Investigations of 

the crystallisation processes in BMGs have been carried out by numerous research groups 

(Vitreloys and Pd-Ni-Cu-P have been studied extensively) in an attempt to develop an 

understanding of: (i) the nucleation and growth of crystals in the metallic supercooled liquid; (ii) the 

glass-forming ability, and (iii) thermal stability of metallic glasses as well as the production of bulk 

nanocrystalline and composites using controlled crystallisation.̂ ®®"̂ °®^ Common features of the 

nucleation and growth of crystals in BMGs are a high number density of nuclei and sluggish 

growth k i n e t i c s . N u c l e a t i o n in the entire supercooled liquid region cannot be sufficiently 

described by one single nucleation mechanism. Mechanisms such as high heterogeneous 

nucleation rates, quenched-in nuclei, phase separation in the supercooled liquid prior to 

crystallisation, homogeneous nucleation considering linked fluxes of interface attachment and 

diffusion in the liquid to the cluster neighborhood have been applied to describe the high density of 

nuclei.̂ ^̂ ^ 

Crystallisation at low temperature (near Tg) requires a large number of pre-existing 

For example, the number of nucleation events was found to increase from near 10® m"̂  for 

samples annealed near melting temperature to approximately m'^for samples annealed in 

the vicinity of Tg for a variety of BMGs.̂ ^̂ ^ This indicates that the locations of maxima in 

nucleation and growth rate differ significantly. In Vitreloy 1, the growth rate maximum occurs at 

985 K, which is much higher than that of the nucleation rate at 840 K.̂®̂^ Therefore, the nuclei 

formed in a supercooled liquid have marked different growth rates during constant heating and 

cooling of the (phenomenon seen in Figure 2.10a) and b)). 
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The isothermal transformation kinetics of a material is usually analysed using the well-known 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation: 

X^ (0 = 1 - exp[- k{t-Ty\ (2.11 ) 

where is the transformed volume fraction, r the incubation time taken as the time 

interval between the specimens reaching the annealing temperature and the start of the 

transformation, n is the Avrami exponent, reflecting the characteristics of nucleation and growth 

during crystallisation, and k \s a reaction rate constant which is a function of annealing 

temperature^^^^ which is described by: 

k = k ^ Q x p { - E c / R T ) (2.12) 

where k^ is a constant and Ê ^ is the apparent activation energy for crystallisation. The values 

of k and n can be determined using the relationship: 

log[ln l / ( l -Xy)] = n\ogk+n log(i - r ) (2.13) 

In order to investigate the details of the crystallisation process, the local Avrami exponent 

n(Xy ) can be calculated using the following relation: 

n (Xy ) = ^ ^ ^ (2.14) 
S\og{t-T) 

The value of «(Z^^) provides information on the nucleation and growth behaviour for a given 

crystallised volume fraction. In various studies on BMGs, significant variations in the local 

Avrami exponent and local activation energy for crystallisation demonstrates that crystallisation 

kinetics may vary at different stages. In most cases, it is agreed that Avrami exponents lie 

between 2.5 and 3.0 in the wide range 0.1 <Xy< 0.85, indicating that the main crystallisation 

process is governed by three-dimensional growth at an increasing nucleation rate. When the 

crystallised fraction reaches 0.9, n is often close to 3.0, thereby indicating that nucleation is 

saturated and the nucleation rate is zero after initial nucleation. It is also suggested that the 

activation energy for growth is possibly larger than the activation energy for nucleation for 

various the BMGs Ranganthan and Heimendahl̂ ^^^^ have proposed that the 

activation energy for crystallisation of amorphous solids can be expressed as the sum of 
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nucleation and growth activation energies by tiie following relation: 

E c = { a E ^ + b E c ) / n (2.15) 

where a and b are positive constants related to the Avrami exponents and a-\-b = n {n is 

again the Avrami exponent), and E^ are the nucleation and growth activation energy, 

respectively. Considering that the nucleation rate is increasing, this means that the value of a 

in Eq. (2.15) increases and the value of b decreases, since E^ is decreasing in the main 

crystallisation process (for 0.1 < < 0.85). 
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Figure 2.10: a) Variation of the Avrami exponent with crystallised fraction in Zr-Cu-AI-Ni BMG, b) 
Variation of the activation energy during crystallisation process of Zr-Cu-AI-Ni BMGP^^ 
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The well known Kissinger equation̂ "̂"®̂  may be used to analyse the crystallisation kinetics and 

determine the activation energy of the crystallisation reaction (and the glass transition) for 

characteristic temperatures at a given heating rate (non-isothermal event), given by: 

In 
RT 

—+constant (2.16) 

where ¡5 is the heating rate, E c is the activation energy for crystallisation, Tp is the 

characteristic or peak crystallisation temperature and R is the universal gas constant. Using the 

and u t ; linear relation between p I T ^ and HT^, the activation energy of crystallisation can be 

calculated. 

The Avrami exponents {n) for isochronel heating (constant heating rate conditions) may be 

calculated using the Ozawa method,̂ ^̂ ^̂  where the crystallised volume fraction, X y can be 

expressed by: 

X y = l - e x p 
/ _ 

k ' 

P 
(2.17) 

where again, is a reaction rate constant and Ti an initial temperature. The value of n can be 

obtained from the plot of l o g [ - l n ( l - X y ) ] against log P . However, there may be differences 

in the values of n compared to isothermal heating conditions due the variation of the diffusivity 

of the atoms (and hence their kinetics) during isochronal treatment as stabilisation times are 

very short.̂ ^̂ ^̂  
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2 . 4 . PARAMETERS USED TO DETERMINE GLASS-FORMING ABILITY 

There is no single parameter that can accurately correlate glass-forming ability or alloy stability 

to a specific value in all alloy systems, with general trends often corresponding well in some 

alloy systems yet not so well in others. An alloy is regarded as having a high glass-forming 

ability (GFA) if crystallisation upon cooling below Tg can be suppressed, using a relatively low 

cooling rate e.g. Zr, Pd and Ln-based BMGs have critical cooling rates from 100 to 0.1 °C/s, 

hence have high GFA. 

2.4.1 Reduced Glass Transition Temperature 

In 1969, Turnbulî "̂ '̂ ^^ predicted the following ratio, referred to as the reduced glass transition 

temperature given by: 

(2.18) 

This parameter is dependent on Tg and Tm of an alloy, and can be used as a criterion for 

determining the GFA (in binary systems).According to Turnbull's criterion, a liquid with 

Tg ITm = 2/3 becomes somewhat impervious to crystallisation and can only crystallise within a 

narrow temperature range. Such a liquid can be supercooled at a relatively low cooling rate into 

the glassy state.̂ ^̂ ^ This ratio is derived from the requirement that viscosity must be high at a 

temperature between the melting point and the glass transition temperature.^^Since the 

viscosity at the glass transition temperature is constant, the higher the TglTm ratio, the higher 

the viscosity at the nose of the TTT curve, and the smaller the critical cooling rate {Rc)^^^^ 

Figure 2.11a) shows the relationship between the critical cooling rate, {Rc) maximum sample 

thickness (Zc) and reduced glass transition temperature (TglTm) for a number of BMG 

sys tems. (More recently, Tm has been represented by Ti in this ratio for liquid properties). 

2.4.2 Supercooled Liquid Region 

Using similar logic, lnoue^̂ °̂  pointed out the relationship between Rc, Zc and the temperature 

interval of a supercooled liquid defined by the difference between the crystallisation temperature 

(Tx), and glass transition temperature {Tg) i.e. 

A T ^ = T ^ - T ^ (2.19) 

A larger temperature interval indicates a higher stability of the supercooled liquid. The 

relationship between Rc, Zc and AT^ can be clearly seen in Figure 2.11b). 
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AT^ values as large as 100 °C in some alloys implies that these glasses are relatively stable 

upon reheating; this parameter is considerecJ to be a measure of glass stability defined as a 

glass's resistance to devitrification when reheated above its glass transition temperature/^ 

whereas GFA is specified as the ease by which a melt is cooled to form an amorphous 

structure. This explains why AT^ may correspond to a high GFA in some BMG-forming 

systems yet fails in other systems. 

2.4.3 Fractional Departure 

Lu and recently proposed that the GFA of alloys can be scaled using the following 

dimensionless parameter, which is based on thermodynamic crystallisation processes during 

cooling and reheating of a supercooled liquid: 

r= _ ^ X (2.20) 

where Tx is the onset crystallisation temperature and Ti the liquidus temperature. Lu and Liu 

also formulated the following relationship between the 7-value and the critical cooling rate, Rc, 

{Rc is in given in °C/s) regardless of the alloy system: 

(2.21) 
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Figure 2.12a) shows this relationship with respect to various metallic glasses. The statistical 

correlation parameter R̂  for this plot was found to be 0.91 for the regression line of this graph, 

showing that there is a strong correlation between Rc and y. However, the correlation between 

Rc and Tg ITm was found to be weaker with a R^ = 0.73 (Figure 2.12b)). 
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Figure 2.12: a) The correlation between y and critical cooling rate b) Critical cooling 
rate as a function ofTg 

Lu and also plotted the critical section thickness (Zc in mm) of a considerable number of 

BMGs as a function of y and estimated the critical thickness of any BMG as: 

Zc = 2.8x10"'exp(41.7;^) (2.22) 

The fit of Eq. (2.22) to the experimental data can be seen in Figure 2.13a). Based on theoretical 

calculations using the fragility concept and the nucleation theory for a model glass-forming 

system, Fan et al.̂ ^̂ ^̂  proposed the following dimensionless criterion, (/), for determining the 

glass-forming ability of an alloy system: 

/ 

</> = T, 
rg 

AT. 
(2.23) 

\ s y 

where ATx is normalised by Tg, and a is a constant. 
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The parameter (f) was plotted against critical casting rate for a range of BMGs, where it was 

found that for all glasses A = 0.143 and Rc can be estimated by: 

R = 1 q8-638±0.475-(1 8.0±1 .055)<z> 
(2.24) 

The fit of Eq. (2.24) to the experimental data can be seen in Figure 2.13b). 
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Figure 2.13: a) Critical section thicl<ness Zc as a function of y for typical BMGsP^^^ b) Critical 
cooling rate Rc as a function of (j) for typical glassesP^^^ 

2.4.4 Order Parameter 

By knowing the heat of crystallisation and the heat of fusion (usually found using differential 

scanning calorimetry), the order parameter, ^ , of an alloy in the solid state can be identified as: 

(2.25) 

where M i x and IsHf are the heat of crystallisation and heat of fusion, respectively. For 

complete ordering of the alloy, (p which corresponds to a fully crystalline state. If the solid 

alloy has atomic arrangements identical to the liquid state at the liquidus temperature, then 

A/ fx = A///and ^ = 0; this extreme situation corresponds to complete disordering of the atoms 

(identical to the liquid state).̂ ^^^^ 
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2.4.5 Time-Temperature-Transformation and C-Curve Estimation 

Takeuchi et al.̂ ®̂  have developed a model specific to BMGs in which the specific 

composition/atomic characteristics and viscosity are used for the estimation of the time required 

for the onset of crystallisation for a given temperature, given by the following relation: 

9.377 
k,T f N y 

exp 1.07 

\ r r y 
\ 1 - exp 

AHJAT^ 

RT 

-3 lX 

(2.26) 

where Tj is the viscosity, k^ the Boltzmann constant, T the absolute temperature, Xy the 

fraction of crystal formed in time t , a^ the mean atomic diameter, / the fraction of sites at the 

melt/crystal interface at which atom transfer can occur, and Ny the volume concentration of 

atoms. In addition, T^ = T/T^ is the reduced temperature defined by T normalised with 

respect to the melting temperature T^, AT^ = 1 - the reduced undercooling of the melt, 

A/ / / " the molar heat of fusion, and R the gas constant. In calculating, Xy is fixed at 10"®, and 

/ is assumed to be proportional to AT^ such that / = 0.2 AJ"^. This equation can be divided 

into three representative functions; 

f M M = 
9.3 -4 „9 1.25x10-" a 

(2.27) 

which represents physical quantities (on an atomic scale) specific to the BMG composition, 

f2{Tr) = 
1 

TAT. 3/4 
exp 1.07/4 , T^AT^ , V r r J 

exp^-
^ J 

AT. r y 

(2.28) 

which represents the reduced temperature factors associated with the calculation, and 

(2.29) 

which represents the reduced viscosity term. In the course of deriving Eq. (2.28), the A///"term, 

which is theoretically unpredictable, is approximated by Richard's law {AHf^/RTm =1). The 

multiple of these three functions for a given temperature estimates the time required for the 

onset of crystallisation at that temperature, hence the position of the C-curve in a ITT diagram. 
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2.5. PREPARATION OF BULK METALLIC GLASSES FROM A MELT 

In the past, several different methods of rapid quenching from (i) the melt (melt spinning, melt 

atomization) or (ii) vapour phase (vapour deposition) have been used to achieve the glassy 

state. To avoid crystallisation, the quenching process in these techniques has to be done on a 

timescale much shorter than that for the nucleation and growth of the competing crystalline 

phases. 

With respect to BMGs, there are two basic techniques used to produce bulk products, namely 

solidification and consolidation. Solidification techniques involve the quenching of the alloy from 

the molten state, and include: water quenching, copper-mould casting, arc melting, 

unidirectional melting, squeeze casting/splat quenching, evacuation casting, high-pressure die-

casting and more recently, strip casting. Some examples of products produced from a melt are 

shown in Figure 2.14. Consolidation techniques involve the hot pressing and warm extrusion of 

atomised amorphous powders (usually produced by melt spinning or melt atomisation methods) 

in the supercooled liquid region. 

Figure 2.14: A number of BMG components formed by direct castingP^^^ 
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2.5.1 Arc-Melting 

It has been reported that the quaternary and quinary alloys in the Zr-AI-TM (TM = Co, Ni, Cu) 

system can be amorphised using localised arc melting on a copper hearth.̂ ^̂ "̂ ^ Due to the 

heterogeneous nucleation initiated from incomplete melting at the base of the sample in contact 

with the copper hearth, the suppression of the ZrgTM crystalline phase was found to be difficult. 

However, the inner region of the heat-affected zone was found to be amorphous. Three different 

zones: outer equiaxed, columnar dendritic and metastable single phase were observed within 

the crystalline region. 

2.5.2 Unidirectional Zone Melting 

Unidirectional zone melting equipment with an arc-type heat source has been used to produce a 

continuous bulk amorphous ZreoAlioNiioCuisPds alloy.̂ ^̂ ^̂  The pre-alioyed ZreoAhoNiioCuisPd 

ingot was moving at a speed of 5.7 mm/s on the copper hearth under argon atmosphere. The 

use of the arc electrode as a heat source made direct measurement of the cooling rate difficult 

for that Zr-based alloy. The cooling rate was estimated as 1.9x10^ °C/s which was high enough 

to achieve an amorphous phase in the particular alloy. A completely amorphous phase was 

observed with the exception of the bottom and side edge regions in contact with the copper 

hearth. The resulting Zr-based amorphous alloy had a thickness of 10 mm, a width of 12 mm 

and a length of - 170 mm.̂ ^̂ ^̂  

2.5.3 Conventional Copper Mould Casting 

This method of casting is identical to that found in the common foundry, whereby the charge 

material is melted in a suitable crucible and manually poured under the influence of gravity into 

a mould. In the case of BMGs, permanent copper moulds have been used to achieve high 

cooling rates, usually under atmospheric conditions (i.e. in air). A number of simple sample 

geometries have been produced using this method of casting such as rods, plates, wedges and 

cones.t̂ ^®-̂ ^®^ 

2.5.4 Water Quenching 

Since water quenching of melts held in quartz tubes generates high critical cooling rates, this 

method has been regularly used in the production of amorphous alloys.̂ ^̂ "̂ '̂ ^̂ "̂ ^̂ ^ Using this 

method, Inoue and co-workers have produced bulk amorphous cylinders of Pd-Cu-Ni-P of 

diameter 72 mm and length 75 mm̂ ^̂ ®̂  and Zr-AI-Ni-Cu of diameters of 5 to 16 mm and length 

150 mm.̂ ^̂ "̂ ^ These alloys were found to have the same Tg -, ATx Tx - and AHx -values for 

the corresponding melt-spun ribbons of 30 pm thickness.̂ ^^^^ Fully amorphous samples with 
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diameters of 12 mm have also been achieved for a MgesCuigAgsPdsYio alloy by water 

quenching.̂ ^^^^ 

Recently, Li reported a method called the J-quenching technique, in which both untreated 

Fe4oNi4oPi4B6 and fluxed Fe4oNi4oPi4B6 melts held in a fused silica tube can be quenched in 

water or brine to produce an amorphous structureJ^ "̂̂ ^ In this technique, the Fe4oNi4oPi4B6 

material, is placed in a silica tube arrangement (Figure 2.15). The tube is then connected to a 

mechanical pump and evacuated, then filled with high purity argon gas. After this, the whole 

system is transferred to a furnace. The melt is heated to 1177 °C (liquidus of Fe4oNi4oPi4B6 is 

927 °C) using high frequency induction. The system is held at this temperature for 5 min before 

removal from the furnace and quenched in iced brine water to produce an amorphous rod 

sample.f^ '̂̂  
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Figure 2.15: A schematic diagram of the J-quenching technique, made up of two fused silica 
tubes of different diametersP^^^ 

Amorphous Zr4i.25Tii3.75NiioCui2.5Be22 (Vitreloy 1) coil springs with wire diameters of 4 mm and 6 

mm and coil diameter of 40 mm have been fabricated by the water quenching method using a 

quartz tube specially designed by Qui and Ren.̂ ^̂ ^̂  The coiled quartz tube was connected to a 

larger quartz tube with an inner diameter of 18 mm, as shown schematically in Figure 2.16. The 

ingots were placed at the bottom of the larger quartz tube above the spring tube. The open end 
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of the large quartz tube was connected to a three-way switching valve. The tube could then be 

evacuated with a pump or pressurised. The connected tubes were first punriped to a vacuum of 

1x10 Pa and then flushed three times with argon gas to further remove residual oxygen. The 

quartz tube containing the alloy ingots was lowered into a resistive tube furnace set at a 

temperature of 950 °C. When the temperature was stabilised, the sample was held for 8 min. A 

positive pressure of ~ 200 kPa argon gas was applied above the melt. After 2 min, the sample 

was quickly lowered and quenched into a saturated NaCI solution, producing the solid spring 

shown in Figure 2.17. 

To the three-way valve 

Ingots 

Quartz tube spring 

F igu re 2.16: A schematic representation of the quartz tube setup used in the fabrication of a 

BMG coil springP^^^ 

WOr 
20mm 

F i g u r e 2.17: Appearance of the Zr4i.25Tii3.75NiioCu^2.5Be22 (Vitreloy 1) coil spring with a wire 

diameter of 4 mm and coil diameter of 40 mm fabricated by the water quenching methodP^^^ 
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2.5.5 Vacuum Casting into a Copper Mould 

ZrssAlioNigCuao BMGs have been produced by casting into a cylindrical geometry with diameters 

up to 16 mm and a length of 70 mm by drawing the melt into a copper m o u l d . T h e 

evacuation force was produced by the rapid movement of a piston that was positioned at the 

centre of the mould. No significant crystalline phase was observed on either the outer surface or 

inner region of the samples. It was also noted that the casting was free of voids and cavities. It 

was found that the resulting cast samples showed similar values of Tg, Tx and ATx and 

mechanical strength as the corresponding melt spun alloys. The size of the veins on the fracture 

surface were found to be about ten times larger than those of the ribbon sample, indicating high 

deformability of the cast samples. 

Xing and co-workers were able to produce wedges of Zr52.5Cui7.9Nii4.6AlioTi5 BMG which can be 

seen in Figure 2.18 by arc melting a solid ingot in a water-cooled copper hearth and using a 

vacuum to draw the molten metal into a copper wedge die.̂ ^̂ ^̂  

Figure 2.18: Appearance of the relative glass-forming ability of bulk amorphous 
Zr6oCu2oNi8Al7Hf3Ti2 (Ai) and ZrszsCuizgNiu.eAhoTis (Vit105) alloy wedges produced by vacuum 
castingP^'^^ 
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2.5.6 Injection Casting into a Copper Mould 

Possibly the most widely used method in recent times of preparing BMG samples from a melt is 

by applying a positive pressure, either by a mechanical plunger or a gas over pressure to force 

the molten alloy into a mould. This method has been used by many research groups in order to 

fabricate BMG samples with high structural integrity from numerous alloy systems in various 

geometric configurations. 

Forming complex parts using the injection casting method is relatively easy in high glass-

forming systems such as the Pd-Ni-Cu-P and Vitreloy groups, as large superheats can be 

applied and critical cooling rates are relatively low. Other systems such as Fe-, Ni- and Mg-

based BMGs have proven to be more difficult to cast. An example of a difficult and complex 

component produced by this casting method is the ring cast by Wua et al.,̂ ^̂ ®^ with an outer 

diameter of 10 mm, inner diameter of 6 mm and thickness of 1 mm, Figure 2.19a). 

A schematic representation of the casting equipment shown in Figure 2.19b) is typical of that 

used for injection casting. In this example, Fe75.5Ga3Pio.5C4B4Si3 alloy ingots were placed in a 

quartz crucible with an orifice of 1.5 mm in diameter. After complete melting using high 

frequency induction heating, the alloys were injected into the copper mould at 1050 °C under an 

argon pressure of 176 kPa. 
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Figure 2.19: a) As cast 10 mm Fejs^sGasP^ 50484813 BMG ring of inner diameter 6 mm and 
thickness 1 mm by Wua et alP^^^ b) A schematic illustration of the (typical) copper 
mould/injection casting equipment used to produce a Fe/s^sGasP 10.50484813 BMG ringP^^^ 
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2.5.7 Strip Casting 

Twin-roll strip casting (in air) has been used to fabricate sheet products of Fe-, Zr- and Cu-base 

BMGs by Lee and co-workers.̂ ^̂ ®'""̂ ^̂  Simulation of the solidification behaviour of these alloys 

during twin-roll casting shows that a suitable cooling rate can be achieved by this casting 

technique to form an amorphous structure throughout the entire thickness of the sheet. 

Alloys having quite different glass-forming abilities have been cast using a horizontal twin-roll 

strip caster at POSTECH. These include Zr4i.2Tii3.8Cui2.5NiioBe22.5 alloy (Vitreloy 1) with R^ of 

and Cu47Ti33ZriiNi6Sn2Sii alloy with R^ of -250 After melting, the molten 

alloy is transferred into a tundish where the metal is fed through a slot type ceramic nozzle used 

to achieve a uniform flow across the width of the rolls. The rolls were made of Cu-0.7 wt% Be 

and cooled by circulating water through holes inside the rolls. By using water-cooled Cu as the 

roll material, this particular strip caster can generate a faster solidification rate than those used 

in steel fabrication. Previous studies showed that a solidification rates up to 1000 °C/s can be 

achieved for Al and Mg alloys using the present strip casting c o n f i g u r a t i o n . A s the molten 

metal feeds through the two rotating rolls (Figure 2.20), a solid shell forms near the contact 

region between the melt and rolls. 

Lee and co-workers have also examined the viability of both vertical and horizontal twin roll strip 

casting of Fe-based amorphous alloys with the results suggesting that it is possible to obtain 

amorphous structures using this casting method.̂ "̂̂ ®"̂ "̂ '̂ These results indicate that this process 

is viable for the continuous fabrication of sheets of BMGs with a wide range of critical cooling 

rates. 

Figure 2.20: a) Thermal image of the roll gap area of the horizontal strip caster at 

POSTECHP^^^ b) Photograph of the manufacturing of an Fe-Ni-Cr-Si-B BMG sheetP"^^^ 
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2.6 . PROPERTIES OF BULK METALLIC GLASSES 

With more BMG systems being developed continuously, one can expect the discovery of many 

new and unique properties, allowing their expansion into a range of specialty commercial 

components. 

2.6.1 Modulus, Strength and Hardness 

In general, BMGs have higher tensile strengths and lower Young's Moduli than their 

corresponding crystalline alloys. Figure 2.21 summarises the work of Ashby and Greer̂ "̂̂ ®̂  who 

compared the elastic limit and Young's modulus of BMGs with 1500 other useful commercial 

alloys. The shaded zone in this figure shows the fundamental boundary of the accessible region 

of the plot, limited by the theoretical strength {(7y= E/20), which the metallic glasses approach 

more closely than any other bulk metallic material. The contours given in Figure 2.21 show the 

property combinations or material indices GylE (yield strain) and Oy lE (resilience). The use of 

such indices is described elsewhere.̂ "̂̂ ^̂  Here, the metallic glasses excel, having a larger yield 

strain and the ability to store more elastic energy per unit volume than any of the other materials 

on the diagram. 

10000 

1000- jîMm^ ^ 

i F»8VlCi3.BSi51̂  ' ' 
TieoBeseSij / .EeaoĈ VPia.s gtg^' 
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Figure 2.21 : Elastic limit, ay, plotted against modulus, E, for 1500 metals, alloys, metal matrix 
composites and metallic glasses. The contours show the yield strain OylE and the resilience 
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Figure 2.22 shows the relationship between Young's modulus {E), tensile fracture strength {Oy) 

for a large range of commonly produced BMGs.̂ "̂ ^̂  The stiffest and strongest of these to date is 

the amorphous Co43Fe2oTa5.5B3i.5 alloy, which exhibits an ultra-high fracture strength (in 

compression) of 5.2 GPa and Young's modulus of 268 GPa}"̂ ^̂  It can be seen in this figure that 

the tensile fracture strength show a near linear relationship with E. A slope of 0.002 

corresponds to the elastic strain limit of BMGs. A similar trend is also evident for ordinary 

crystalline alloys shown in the figure, but the slope of the linear region for BMGs is much 

steeper than that of the crystalline alloys, thereby indicating larger elastic limits for BMGs 

compared to the crystalline The linearity of this relationship is attributed to the 

formation of an ideally homogenised solid solution over the entire composition range. 
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Figure 2.22: The relationship between Young's modulus and tensile fracture strength for BMGs 
with diameters over 2 mm (m); some amorphous wires (A) (100 um), and conventional 
crystalline alloys 
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Under tensile loading, typical crystalline metals exhibit substantial plastic strain, resulting in high 

fracture toughness and impact resistance. However, metallic glasses under tensile load show 

little global plasticity of the sample as a whole. Hence, these materials are generally considered 

to be "brittle".^^^^ A comparison between ZreoAlioNiioCugo BMG and the crystalline Ti-6AI-4V 

alloy was made by Kakiuchi and co-workers^^^ '̂̂ ^^^ who demonstrated the superiority in 

mechanical properties of amorphous alloys over crystalline alloys. Figure 2.23 highlights the 

high elastic strain limit and general toughness of a ZreoAhoNiioCuso BMG in comparison to the 

commercial Ti-6AI-4V crystalline alloy. 

Inoue and co-workers have measured the three-point bending flexural stress and deflection 

curves of Zr-AI-Ni-Cu and Zr-Ti-AI-Ni-Cu BMGs. These materials have high flexural strength 

values of 3.0 - 3.9 GPa which are 2.0 - 2.5 times higher than those for crystalline Zr- and Ti-

based alloys. Furthermore, BMGs have relatively large deflection values above 0.4 mm.̂ ^̂ ®̂  

(A 

'vt 
B 

2000 

1500 

1000 

500 

0 0.005 0.010 0.015 0.020 D.025 

Tensile Strain 

Figure 2.23: Tensile stress-strain cun/es of a Zr6oAlioNiioCu2o BMG and crystalline Ti-6AI-4V 
alloy}'''^ 

This significant difference in mechanical properties is attributed to the difference in deformation 

and fracture mechanisms between BMGs and crystalline alloys. Plastic deformation in metallic 

glasses is generally associated with inhomogeneous flow in highly localised shear bands, 

^̂ ^̂  as shown in Figure 2.24. 

Even under slower strain rates, a veined fracture surface indicates a decrease in glass viscosity. 

Due to the highly localised nature of flow and the lack of microstructural features to divert the 

flow, shear band formation typically leads to catastrophic (brittle) failure in metallic glasses. The 
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localisation of shear is associated with possible strain-softening mechanisms and thermal 

softening as well as the absence of strain-hardening (working hardening) mechanismsJ^^^ 

Fractographic evidence from tensile experiments (Figure 2.25) suggests that, under high strain 

rate conditions, local melting occurs during unstable fracture.̂ ^̂ ®^ 

Figure 2.24: SEM images of the tensile fracture surface of a Zr5oCu4oAlio BMGP^^ 

Figure 2.25: Fracture surface of a high strain rate tensile sample which exhibits a cup-and-cone 
type fracture. The small droplets are indicative of localised meltingP^^^ 
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2.6.2 Fracture Toughness and Impact Energy of BMGs 

In the case of BMGs, fracture toughness is the ability of an amorphous matrix containing a flaw 

to withstand an applied load (a measure of load bearing capacity before fracture). Assuming 

that the stress field near a crack tip is controlled by linear elastic fracture mechanics and the 

small-scale yielding condition, the fracture toughness {Kc or ^-value) can be evaluated 

according to ASTM criteria. Figure 2.26 shows fracture toughness and modulus for some 2000 

metals, ceramics, glasses, polymers and metallic glasses. For many applications, failure is 

energy-limited rather than load-limited so the appropriate material index is not Kc, but rather the 

toughness, G C ^ K H E P " ^ ^ For metallic glasses, Gc has a remarkable range of over four 

decades, which is nearly the full known range for all material types. The toughest metallic 

glasses lie amongst the best of metals with Gc approaching 1000 kJ/m^. 
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Figure 2.26: Fracture toughness and modulus for metals, alloys, ceramics, glasses, polymers 
and metallic glasses. The contours show the toughness Gc in kJ/m^P^^^ 

Figure 2.27 is a diagram of fracture toughness as a function of elastic limit (or yield strength, 
2 

Gy). The diagonal contours show the processing size limit, d, where d =Kc/7ray. The parameter 

d \s a useful guide to the sample thickness below which there is likely to be plastic flow without 

fast fracture. Shear banding in metallic glasses favours failure which appears macroscopically 

brittle rather than ductile. Although some metallic glasses have very high fracture toughness, 
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they have small process zone sizes {d < 1 mm) because (Ty is so large. In terms of d, a brittle 

metallic glass (e.g. Fe4oNi4oPi4B6) shows poorer performance than conventional silicate glasses. 

The high toughness of some metallic glasses appears to be at variance with their near-zero 

ductility, which arises from shear localisation.^^"^^ 
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Figure 2.27: Fracture toughness and elastic limit for the same materials. The contours show 
the process-zone size d (mm)P^^ 

The ATc-values of Zr-based amorphous alloys with a thickness of 3 mm have been measured to 

be 55 MPaVm for the Zr-Ti-Be-Ni-Cu,^^®°^ 67 MPaVm for ZrssAlioNigCuao and 70 MPaVm for 

Zr55AlioNi5Cu29Nbi.^^®' These values are comparable to ATc-values for age-hardened Al-based 

alloys (24-36 MPaVm)̂ ^®^̂  and commercial Ti-based alloys (54-98 MPaVm).̂ ^®^̂  It is also 

interesting to point out that A^c-values decrease to around 1 MPaVm for Zr-Ti-Be-Ni-Cu 

amorphous alloys containing nanocrystalline p a r t i c l e s , y e t Zr-AI-Ni-Cu BMGs containing 

nanocrystalline particles exhibit a marked improvement in K c to ~ 160 MPaVm,̂ ^®^̂  which 

exceeds that of conventional Ti- and alloy steels. In a series of fracture toughness experiments, 

Flores and co-workers examined the plastic strain field at a crack tip using a single-edge 

notched tension sample. A stable damage zone of branched cracks was achieved within the 

classical plastic zone (Figure 2.28).̂ ^®^^ 
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Figure 2.28: Optical microscope images of the crack tip in a single-edge notched tension 
sample during a fracture toughness experiment. Stress intensities at the crack tip are given}^^"^^ 

The softening of the fracture surface has led several researchers to conclude that shear band 

formation is associated with localised heating.̂ ®̂'̂ -"'®̂ ^ In addition to the heating associated with 

plastic deformation, a cooling zone was also recorded ahead of the crack tip, which is consistent 

with thermo-elastic cooling effects.̂ ^®'̂ '''®^̂  These results indicate that BMGs have high plastic 

deformability even near the crack tip. These data were obtained using sheet specimens with a 

thickness of 3.0 mm. 

Compared to fracture toughness, an impact test is a qualitative property. Inoue et al. examined 

the compositional dependence of Charpy impact fracture energy for Zr-based BMOs.̂ "̂̂ '̂ ®̂̂  They 

found that, for cast Zr-based BMG alloy sheets with a thickness of 2.5 mm, the impact fracture 

energy is in the range of 110-140 kJ/m^. 

Raghavan and co-workers also impact tested Vitreloy 1 (Zr4i.2Tii3.75Cui2.5NiioBe22.5) over a 

range of temperatures (123-423 K) and alloy treatments to examine if these materials exhibit a 

ductile-to-brittle transition. Their results show an abrupt reduction in impact toughness when the 

testing temperature is lowered to below 150 K, implying that BMGs, similar to crystalline alloys, 

exhibit a ductile-to-brittle transition temperature. Fractographic observations indicated a 

transition in the fracture mode from ductile vein-like morphology above the transition to a 

cleavage-dominant fracture mode below it.̂ ®̂®̂  
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2.6.3 Fatigue, Resilience and Damping Capacity 

The fatigue limits in BIVIG systems investigated to date are comparable to those of crystalline 

alloys. Considering the tensile fracture strength of BMGs is about double that of the crystalline 

alloys, the fatigue endurance stress level is also much higher for BMGs. Figure 2.29 

summarises the bending and rotating beam fatigue strength as a function of number of cycles to 

failure for bulk amorphous ZresAhoNiioCuis '̂®^ and Pd4oCu3oNiioP2ô '®'̂  alloys, respectively, 

together with the data under tensile stress conditions for melt-spun PdgoSiao/̂ ®®̂  NiygSiaBi/®®^ 

and Co75SiioBi5̂ ^®^̂  amorphous ribbons. Here, the fatigue limit is defined as the ratio of the 

minimum fatigue strength after 107 cycles over the static bending or tensile fracture strength. 

The bending fatigue strength is as high as 1000 MPa at cycles of 3 x 10"̂  for a ZresAlioNiioCuis 

BMG. 
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Figure 2.29: Maximum bending and rotating beam fatigue stress as a function of cyclic number 
up to failure for ZresAlioNiioCu 15 and Pd4oCu3oNiioP2o BMGs. Data for melt spun Pd-, Ni- and Co-
based amorphous ribbons under tensile stress conditions are also shownP^^ 

Fatigue and fracture toughness tests of the Vitreloy BMG have cast some doubt on the 

material's prospects for use in tougher, industrial applications that require long-term 

performance. Standard stress-strain fatigue tests also show that Vitreloy has an extremely low 

resistance to crack initiation and that a crack propagates rapidly once formed. It has also been 

found that the difference in BMGs and crystalline structures does not play a dominant role in the 
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propagation velocity of fatigue cracks, although the deformation and fracture behaviour under 

uniaxial loading is markedly different to crystalline alloys^ '̂̂ l 

Figure 2.30 shows the resilience, Oy IE and loss coefficient, g (a measure of the mechanical 

damping or energy loss in an elastic load cycle).̂ "̂̂ ®̂  High resilience correlates with low loss 

coefficient, reflecting the contribution of local plastic flow to energy loss. The metallic glasses 

are considered exceptional with respect to their combination of high resilience and low damping 

and prove to be attractive materials for vibrating-reed systems such as gyroscopes, fast-acting 

springs and applications requiring transmission of elastic waves.̂ "̂̂ ®̂  
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Figure 2.30: Resilience G^IE and loss coefficientg for the same materials as in Figure 

2.6.4 Superplastic Properties of Bulk i\/letallic Glasses 

Forming BMG parts through viscous flow in the supercooled liquid state is both a viable and 

favourable process. The viscous flow behaviour of Zr-, La- and Pd-based BMGs has been 

investigated extensively. With such high formabilities, not only common small machine 

components can be fabricated with BMGs, but micro-machine components can be made 

through microforming.̂ ^^°^ Metallic glasses, when deformed in the SCL region, exhibit 

extraordinarily large strains. An example is given in Figure 2.31, in which a La55Al25Ni2o alloy is 



SECTION 2 - LITERATURE REVIEW-THE PRODUCTION AND PROPERTIES OF BULK METALLIC GLASSES 

strained to 20,000% in the supercooled liquid region-̂ ^̂ ""̂  Another example is given in Figure 

2.32, where, similar to thermoplastics a Zr44TiiiCuioNiioBe25 BMG has been 'blow moulded' in 

the SCL region into a shaped die.̂ ^̂ ^̂  

Figure 2.31: A La55Al25Ni2o BMG deformed in tension to 20,000% in the SCL region. [171] 

Figure 2.32: A Zr44TiiiCuioNiioBe25 BMG deformed by 'blow moulding' in the SCL regionP^^^ 

In studying the formability of BMGs, numerous research groupŝ ®®'̂ ^̂ '̂ ®̂ ^ have reported that 

when deformed in the SCL region these alloys behave like Newtonian fluids. The achievement 

of Newtonian flow is an important factor in material formability as it indicates the point at which 

material flow is homogeneous throughout the entire sample and unaffected by strain rate. 
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Figure 2.33 shows the relationship between log flow stress and log strain rate for 

Zr65AlioNiioCui5(r^= 653 and LagsAlgoNigs {Tg = 473 Kf'^^ under uniaxial tension. 
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Figure 2.33: Relationship between flow stress and strain rate for a) ZresAlioNiwCuis and b) 
La55Al2oNi25 BMGs deformed at various temperaturesP'^^''^'^^^ 

For some portions of these plots it can be seen that flow stress is proportional to strain rate, 

indicating Newtonian flow conditions. This linear relation between flow stress (ay) and strain rate 

(£ ) in the SCL region is expressed by: 

CTf = Ki"" (2.30) 

The slope of the linear relation corresponds to the strain-rate sensitivity exponent (m), where an 

m-value of unity indicates ideal Newtonian flow, that is, a material that deforms homogeneously 

and superplastically.f®®-''̂ -̂''̂ ®^ 

The flow behaviour of a BMG in the SCL region is usually described in terms of a proportionality 

constant or apparent viscosity, rf, using the following relation 

t 
r 

(2.31) 

where T and f are shear stress and shear strain rate respectively. 
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For uniaxial loading, Eq. (2.29) can be expressed as: t69.i73-i78] 

3£ 
(2.32) 

where the factor of 3 relates applied uniaxial flow stress Gf and strain rate e to the apparent 

viscosity. As an example, the resulting viscosities of the ZresAhoNiioCuisand LagsAlsoNigs BMGs 

are plotted as a function of strain rate in Figure 2.34. 
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Figure 2.34: Viscosity as a function of strain rate for a) ZresAi^oNiwCu-is and b) La55Al2oNi25 
BMGs deformed at various temperaturesP^^'^^^^ 

Figure 2.34 shows that the viscosity in the SCL region becomes independent of strain rate 

(Newtonian) at higher temperatures and lower strain rates. As the strain rate increases, viscosity 

becomes dependent on strain rate and decreases in a linear fashion (on a log scale), indicating 

that the deformation mechanism changes from Newtonian to non-Newtonian flow. The 

independence of viscosity with strain rate is important for practical use when working BMGs in the 

SCL region. 

Two theories discussing the transition from Newtonian to non-Newtonian behaviour have been 

proposed: one involves the transition state theory of intrinsic plastic flow of glass, and the 

other, with concurrent nanocrystallisation.̂ ^®"̂ ^ With respect to the latter, Nieh et al. proposed that 

non-Newtonian behaviour is associated with stress-driven nanocrystallisation during 

deformation. This suggests that when a metallic glass contains aggregates of nanocrystals 
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dispersed in an amorphous structure, it deforms superplastically by grain boundary sliding, 

where the m-value is expected to be between 0.5 and 1 

Inoue et alJ'̂ ®'''̂ ®^ attempted to locate the ideal conditions for maximum elongation in BMGs. 

Figure 2.35 shows the relationship between elongation at different test temperatures and strain 

rate for ZresAhoNiioCuigand LassAlgoNigs amorphous alloys, together with data for ductility of the 

deformed samples. Maximum elongations of - 350 % for the Zr-based alloy and 1800% for the 

La-based alloy were achieved, with both alloys maintaining good bending ductility. These results 

were found to lie within the SCL region and the strain rate lies within the Newtonian flow region. 

The decrease in elongation in the lower strain-rate region is believed to be due to the progress 

of an incipient-stage reaction of crystallisation, while that at the higher strain-rates is believed to 

result from the rapid increase in flow volume generated during flow deformation.̂ ^̂ '̂̂ ^®^ 
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Elongation is expected to increase dramatically for BMGs of large cross-sections. It has been 

reported that elongation reaches about 15,000% for cylindrical specimens of diameter 1.5 

mm̂ ^̂ ®̂  and about 1,000,000% for cylindrical specimens of diameter 5 It is also 

important to note that specimens subjected to heavy tensile deformation also maintain good 

bending ductility. Deformation data of a range of BMGs in the supercooled liquid region from a 

number of research groups is given in Table 
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Table 2.2: Deformation data of a range of BMGs in the SCL region. 

Alloys (in at.%) 7g ÌK) TA^) m value Ductilit/ 
La55Al25NÌ2o 480 520 1 1800 (T) 
ZrcsAlioNiioCuis 652 757 0.8-1.0 340 (T) 
Pd4oNÌ4oP2o 578-597 651 0.4-1.0 1260 (T) 
2r52.5AlioTÌ5Cui79Nii4 6 358 456 0.45-0.55 650 (T) 
Zr55Cu3oAlioNÌ5 683 763 0.5-1.0 N/A (C) 
La6oAl2oNiioCo5Cu5 451 523 1.0 N/A 
Pd̂ oNî oP® 589 670 O.S-1.0 0.94 (C) 
ZrfisAlioNiioCuis 652 757 0.83 750 (T) 
Zr55AJioCu3oNÌ5 670 768 0.5-0.9 800 (T) 
TÌ45Zr24NÌ7Cu8 Bei 6 601 648 N/A 1.0 (T) 
Cu<;o2̂ ''2oHfioTÌio 721 766 0.3-0.61 0.78 (C) 
Zr52.5AlioCU22rÌ2.5NÌi3 659 761 O.S-1.0 >1.0 (C) 
Zr4i .25Tii3.75NiioCui2.5Be22.5 614 698 0.4-1.0 1624 (T) 

® "T" and "C" stand for tension and compression, respectively. 

Both the time and temperature of deformation that generates extremely large elongations in a 

l-a55Al2oNÌ25 amorphous alloy have been examined in comparison with the associated isothermal 

temperature-time-transformation behaviour of the a l l o y . T h e deformation temperatures and 

times are located in the higher temperature and longer time region as compared with the onset 

temperature and time line for crystallisation. It was suggested that this discrepancy indicates 

that Newtonian flow under appropriate deformation conditions causes a degradation of the 

crystallisation reaction, namely, deformation-induced stabilisation of the supercooled liquid. The 

mechanism for this deformation-induced stabilisation is not clear, though it is suggested that it 

may be due to the suppression of the incipient reaction for crystallisation as well as of the 

accumulation of flow volumes introduced by non-Newtonian deformation. 

A common physical-based model for the investigating the deformation behaviour of BMGs in the 

supercooled region is the free-volume model developed initially for liquids by Cohen and 

Turnbull̂ ^®®'̂ ®^̂  and extended by Spaepen̂ ^®°̂  for plastic flow of metallic glasses. Free volume is 

defined as excess volume owing to the disordered state of the atomic configuration, where 

plastic deformation is attributed to atomic jumps into neighbouring holes or flow defects that 

exceed a critical size, to accommodate s t ra in .Spaepen showed that the flow behaviour of a 

metallic glass may be given 

sinh 
TV 

2kJ 
(2.33) 

where f the shear strain rate, y^ a frequency factor, T is the shear stress, k^ Boltzmann's 

constant, and T is the absolute temperature. V is an activation volume, where V = y^Qj:. 
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Here is the local strain and i l ^ the shear site of volume. The steady-state flow stress can be 

prescribed according to the transition state theory of flow stress originally suggested by 

Spaepen^̂ ®°̂ , for uniaxial flow, i.e.: 

where ¿^ is a frequency factor, defined as a measure of the effective number of attempts per 

unit time to overcome a particular energy barrier, and expected to be constant for a given 

deformation t e m p e r a t u r e , € the uniaxial strain rate and (7f the uniaxial flow stress. 

2.6.5 Corrosion Resistance 

The tendency of a metal to passivate depends on alloy composition (electrochemistry of individual 

atomic species) and solution chemistry. Amorphous alloys consist of chemically homogeneous 

single-phase solid solutions, which do not contain crystalline defects which can act as 

nucleation/galvanic sites for corrosion.̂ ^®®^ The chemically homogeneous single phase nature of 

amorphous alloys provides the formation of a uniform passive film without 'weak points' with respect 

to corrosion.̂ ®̂®'""®®̂  It has been suggested that, for amorphous alloys exhibiting excellent corrosion 

properties, the passive films that form are very stable and repassivate quickly if the film is 

damaged.̂ ""®̂ '""®̂ ^ The new Fe-based BMGs (or amorphous steel) exhibit non-ferromagnetic 

properties, contain minimal or zero chromium content, outperform current Naval steels in mechanical 

properties, and have corrosion resistance comparable to current Naval steels, deeming them more 

than sufficient for use as practical corrosion resistant materials.̂ ^®^̂  As a further example, the 

corrosion resistance of the present Al-based amorphous alloys in HCI and NaOH solutions is about 

70 and 240 x respectively, higher than that for conventional high strength Al-based crystalline 

alloys.̂ ^̂ '̂ ®^̂  Also, amorphous Al-refractory metal alloys are corrosion resistant in 1 M HCI and 

amorphous Cr alloys are spontaneously passive in 12 M HCI; these materials show far better 

corrosion resistance in comparison with their crystalline alloy counterparts. These amorphous Al-

refractory metal alloys also have an extraordinarily high hot corrosion resistance. Their sulphidisation 

resistance at higher temperatures is far higher than any other known metallic materials and their 

oxidation resistance is comparable to chromia- or alumina-forming alloys.̂ ®̂®' It has also been 

reported that the corrosion loss in a NaCI solution for amorphous Mg-Cu-Ln alloys is about 30% of 

that for the commercial AZ91 alloy.̂ ^®^ 
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2.7. SUMMARY AND SCOPE OF THESIS 

It is clear from published literature, including those presented in SECTION 2 that there is a distinct 

lack of research, development and data pertaining to the casting conditions and processes of 

lightweight BMGs. It is also apparent that, due to the brittle nature of BMGs, the majority of 

mechanical testing of such materials has been carried out in compression rather than tension. 

This thesis describes the development of methods for producing lightweight BMG castings of 

reproducible high quality and the utilisation of these castings to determine both the thermal and 

elevated temperature tensile properties of such alloys. The experimental work and associated 

discussion in this thesis is divided into three distinct sections as to show the evolution and 

development of the methods used in the production of lightweight BMGs. 

The first part of the experimental program, SECTION 3 concentrates on the production techniques 

and characteristic properties of Mg-based BMGs (specifically MgesCussYio). It presents the 

evolutionary steps involved in the production of simple gravity cast samples required for initial 

experimental testing to the development and in house construction of sophisticated injection 

casting equipment used for the rapid production of MgesCugsYio BMG samples. This section 

also describes a novel technique for fabricating tensile specimens from the as-cast alloys which 

were used for studying elevated temperature deformation behaviour. The data generated from 

this study was analysed with respect to current flow theory of BMGs. 

SECTION 4 concentrates on the production techniques and characteristic properties of Ca-based 

BMGs (specifically Ca65Mgi5Zn2o). This section presents further evolution of the techniques and 

apparatus necessary for producing this type of BMG. Similar to SECTION 3, the elevated 

temperature deformation properties of the CaesMgisZnao BMG are explored through tensile 

testing, and the data generated assessed and analysed with respect to current flow theory of 

BMGs. 

A general discussion of the results given in SECTIONS 3 and 4 is given in SECTION 5, which 

provides a comparison between MgesCuasYio and Ca65Mgi5Zn2o BMGs in terms of glass 

stability, castability and elevated temperature deformation behaviour with an emphasis on 

characteristics favourable for industrial-scale component casting and fabrication. This section is 

followed by the major conclusions of the findings in this thesis. 
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SECTION 3 - PRODUCTION AND PROPERTIES OF 

A MAGNESIUM-BASED BMG 

3 . 1 . BACKGROUND 

Magnesium alloys exhibit the lowest density of all the metallic construction materials. 

Magnesium is the eighth most abundant element in the earth's crust and the third most plentiful 

element dissolved in seawater, is of relative low cost to produce and is relatively easy to 

recycleĴ ®®^ It is these properties that have sparked recent interest in the utilisation of 

magnesium-based alloys as a replacement for denser materials. Applications of conventional 

crystalline magnesium alloys have been limited due to their low mechanical strength, poor 

ductility, poor ignition and corrosion resistance. Currently, the major processing routes for 

magnesium alloy components are high-pressure die casting and near-net-shape casting. 

Magnesium-based bulk metallic glasses (BMGs) are a relatively new family of materials that 

exhibit high specific strength at ambient temperature, extraordinary ductility/superplasticity at 

slightly elevated temperatures, outstanding wear resistance and hardness, superior corrosion 

resistance to their crystalline counterparts and may be partially crystallised to achieve strength 

and ductility values higher than that of the completely amorphous structure.̂ ^^®' 

The first report of a glass-forming system containing magnesium was discovered by Calka et al. 

in 1977 by melt spinning Mg-30at%Zn alloy^^l This was followed by similar findings for splat 

quenched MggiGai/®^^, Mgx(Cu)9^2 and Mgx(Ni)8 -25 binary systems and the ternary Mg—Ni— 

Ce sys tem.Mg-based BMGs with critical thicknesses in the order of millimetres have since 

been discovered in the Mg-TM-RE (TM = Cu, Ni, Zn; RE = Ce, La, Y, Nd, Ga, 

Mg-Cu-Y-M (M = Al, Ag, Zn) and Mg-Cu-Ag-Pd-Y alloy systems 

Magnesium-based BMGs have been produced by both conventional, vacuum and high-

pressure die-casting methods. Having a wide supercooled liquid (SCL) region and high glass-

forming ability (GFA), these alloys have been cast in sections of 25 mm in diameter for the 

Mg54Cu26.5Ag8.5Gdii BMG alloy It is a known fact that, within the field of amorphous alloys, 

alloy composition can radically affect the properties of the product, which can be seen in Table 

3.1 for a range of Mg-base BMGs. 
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Table 3.1: Critical thickness and tiiermal properties of selected Mg-based BMGs. 

A L L O Y ( a t . % ) 
Zc 

(mm) 
T, 

TO 

Tx 

ro TO 

Tm 

TO 

Ti 

TO 
Tr, R E F 

MgssCuasYio 4-7* 147 212 65 465 - 0.558 [214] 

MgsrCuaoAbYio 1 142 180 38 452 - 0.572 [128] 

Mg58.8Cu30AI1.2Y10 2 148 181 33 452 - 0.581 [128] 

Mg65Cu2oZn5Yio 6 131 183 52 465 - 0.580 [210] 

Mg65Cu2oAg5Yio 5 151 203 52 414 466 0.590 [211] 

MgesCuisAgioYio 6 155 192 41 413 421 0.632 [211] 

MgesCuisAgsPdsYio 7 164 199 35 434 - 0.618 [215] 

MgesCuTsNlrsAgsZnsYio 9 157 186 29 421 455 0.591 [216] 

Mg6oCu29YioSii 1.5 122 166 44 497 - 0.513 [128] 

Mg65Cu2oYioB5 - 147 197 50 439 463 0.571 [217] 

Mg65Cu25Gdio 8 150 211 61 406 467 0.572 [127] 

Mg65Cu2oAg5Gdio 11 154 192 38 400 422 0.614 [127] 

Mg54CU26.5Ag8.5Gdii 25 - - - - [212] 

Mg65Cu2oNÌ5Gdio 5 - - 61 403 513 0.544 [218] 

MgysCuisGdio 2.5 148 179 31 - 460 0.574 [219] 

MgrsCuioNisGdio 3 153 197 44 - 499 0.552 [219] 

MgesCursNi/sAgsZnsYsGds 14 161 199 38 412 446 0.604 [216] 

Mg65Cu25Tbio 5 142 210 68 443 460 0.580 [208] 

Mg65CU25Tb7Y3 5 143 215 72 444 463 0.580 [208] 

Mg65Cu25Erio 3 149 207 58 468 493 0.570 [220] 

MgesCuisAgioErio 6 154 192 38 433 560 0.610 [220] 

Mg57CU3lY6.6Nd5.4 14 154 218 64 434 505 0.549 [221] 

MgyoNlisNdis 1.5 194 216 22 469 571 0.650 [221] 

MgysNiisNdio 2.8 177 197 20 444 516 0.630 [222] 

Mg65NÌ2oNdi5 3.5 186 228 42 470 531 0.630 [222] 

Mg7oZn25Ca5 3 125 135 10 398 - 0.590 [42] 

Mg67.5Zn27.5Ca5 4 133 145 12 375 - 0.628 [42] 

Key 
Zc = Critical Thickness, Tg= Glass Transition Temperature, Tx= Crystallisation Temperature, 

A7V= Supercooled Liquid Region, Tm= Melting Temperature, 7)= Liquidus Temperature, 
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The material chosen for study in this part of the thesis was the MgegCuasYio BMG, as it is a well 

known glass former, has a large, experimentally accessible supercooled liquid region and 

relatively low density compared to other BMG systems. 

3.2. ALLOY PREPARATION 

The starting materials used in preparing the MgesCugsYio alloy were high purity metals: 

magnesium (99.9 wt.%), copper (99.9 wt.%) and yttrium (99.999 wt.%). Considering that the 

melting points of Cu (1065 °C) and Y (1522 °C) are well above that of Mg (650 °C) and holding Mg 

at high temperatures results in evaporation (due to the low vapour pressure of this metal) and 

possible oxidation, it was decided that the nominal alloy composition be reached by preparing a 

Cu-Y master alloy. The composition of this master alloy was calculated to be Cu7i.43Y28.57at.% (as 

indicated in Figure 3.1) based on the ratio of Cu to Y present in the nominal MgesCuasYio alloy. 

Appropriate amounts of Cu and Y were prepared to give a total mass of 20g of the desired 

composition. The base elements were arc melted using a tungsten electrode under the protection 

of varigon (5 vol.% H2 in Ar) gas mixture to give 20g buttons of Cu71.43Y28.57 alloy. These buttons 

were remelted four times to generate a homogeneous alloy and were subsequently mechanically 

polished to remove surface scum and oxide. 
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Figure 3.1: Equilibrium phase diagram of the Cu-Y system, indicating the location of the 
Cu7i,43Y28.573t% master alloy 
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The appropriate amount of magnesium was also mechanically cleaned and placed in boron 

nitride-coated graphite crucible. A boron nitride coating was used as it is considered inert in 

molten magnesium, and also creates a barrier between the melt and the reactive graphite 

crucible. A graphite crucible was used for improving the ease of removal of residual charge 

material from the melting vessel and due to its high thermal conductivity compared to other 

ceramic crucible materials. This crucible was then placed in a sealed 316 stainless steel 

chamber. Argon of 99.997 vol.% purity was circulated through the melting vessel at a rate of 80 

cm /min for protecting the charge from oxidation during each melting cycle. The charge 

temperature was measured using a K-type thermocouple inserted into a 316 stainless steel 

sheath incorporated into the lid of the melting vessel. Where this stainless steel sheath was in 

the vicinity of the melt, it was covered with a boron nitride-coated graphite sheath, as to aid with 

the removal of the vessel lid and clean up. 
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Figure 3.2: Schematic representation of the equipment used to prepare the Mg65Cu25Yio alloy 
under a protective atmosphere. 

The charge was heated to a temperature of 850 °C using a LABEC HTF90 resistance furnace 

for melting the Cu71.43Y28.57 master alloy (eutectic temperature 840°C). The appropriate amount 

of Cu71.43Y28.57 master alloy was added to the melt in a stepwise manner, stirring with a tungsten 

rod after each addition until completely dissolved to produce the final composition. The melt was 

then cooled to the desired casting temperature, shaken immediately prior to casting, then cast 

into the desired mould in an argon-flushed atmosphere, provided by an auxiliary argon line. 
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3 - 3 . DETERMINATION OF CRITICAL THICKNESS, COOLING RATE AND 
THERMAL PROPERTIES OF THE MG65CU25YIO B M G 

To determine the critical thickness (Zc) and the critical cooling rate {Rc) of the MgesCugsYio 

alloy, a copper wedge mould, similar to that used by Inoue et alĴ "̂̂ ^ was constructed. This 

mould consists of two 25 mm thick copper plates, with a cavity of length 100 mm, width 40 mm 

and a maximum thickness of 10 mm (Figure 3.3). This allowed a wide range of cooling rates to 

be achieved. The mould was configured with thermocouple entry points for enabling the 

measurement of cooling rates at three individual positions. Figures 3.3 and 3.4 show the 

position of each thermocouple within the mould. As shown in Figure 3.4, the surface of the 

cavity was polished using BRASSO® metal polish, aiding removal of the cast sample from the 

mould and for suppressing grain nucleation at the mould walls. 

Figure 3.3: Schematic diagram showing half of the copper wedge mould (dimensions in mm). 

Figure 3.4: The wedge mould showing the 40 mm wide, 100 mm deep wedge with base of 10 
mm, the highly polished mould cavity walls and thermocouple entry points. 
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3.3.1 Experimental Procedure 

For the determination of critical thickness and cooling rate, the MgesCussYio alloy was 

prepared by the method described in SECTION 3 .2 . Three 0.02mm K-type thermocouple wires 

were attached to the copper mould within the casting cavity at 12, 47 and 82mm from the 

wedge tip. The MgesCugsYio alloy melt was cooled to a temperature of 600 °C in the original 

boron nitride-coated graphite crucible under circulating argon and removed from the 

resistance furnace. The molten metal was hand poured into the copper wedge mould under 

an argon gas stream. Temperature data was gathered at time increments of 0.01 s using a 

DT800 dataTaker data logging unit. The mould was then separated and the wedge sample 

removed for further analysis. The wedge casting (Figure 3.5) was set in resin at room 

temperature so as not to crystallise any amorphous sections of the sample. The casting was 

then sectioned at various thicknesses and ground down to its centre so that the centre of the 

sample (the last portion of the sample to solidify) could be characterised with respect to an 

amorphous structure. Samples were analysed for amorphicity using a Phillips XPERT MRD X-

Ray Diffractometer and CuKa radiation (XRD). In order to determine the thermal properties of 

the alloy, sections of the wedge determined to be amorphous by XRD were examined using a 

TA 2010 differential scanning calorimeter (DSC) at various heating rates. 

3.3.2 Evaluation of the Mg65Cu25Yio Wedge Casting 

Attempts at producing an amorphous MgesCuasYio sample by conventional gravity casting in a 

copper wedge mould were successful and an as-cast sample is shown in Figure 3.5. The 

appearance of both the external and fracture surfaces of the as-cast wedges were highly reflective 

in the amorphous regions. The samples themselves were quite brittle and some shattered in the 

mould upon cooling or removal due to internal stresses related to rapid solidification.̂ ^^^^ 

Figure 3.5: A MgesCuzsYw gravity cast wedge to be sectioned and analysed for amorphicity. 
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The composition of the as-cast bars was determined using electron probe microanalysis 

(EPMA) and found to be Mg65Cu25Yio (+/- 0.81 at.% maximum for each element). The degree of 

crystallinity of the sample sections was characterised with an X-Ray Diffractometer using CuKa 

radiation. The XRD traces for the given wedge thickness can be seen in Figure 3.6. A 

completely amorphous structure was generated within the wedge at a thickness of 3 mm, given 

by the characteristic broad amorphous crest and the absence of sharp crystalline peaks. 

Sections above this thickness were observed to have a partially crystalline interior and an 

amorphous outer region at the mould walls. This XRD data indicates that the critical thickness 

Zc of the amorphous MgesCugsYio alloy for this particular casting procedure falls within the 

range 3 to 3.75 mm. To determine the characteristic thermal properties of the alloy, DSC was 

used to determine Tg (glass transition temperature), Tx (onset crystallisation temperature), Tm 

(alloy melting temperature) and Ti (alloy liquidus temperature). Isochronal DSC scans were 

carried out at heating rates ranging from 2 to 20 °C/min. It is pertinent to note that the majority 

of reported vales for the thermal properties of BMGs are quoted at a heating rate of 20 °C/min. 

The DSC results for the present work at a heating rate of 20 °C/min are shown in Figure 3.7. 
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Figure 3.6: X-ray diffraction traces taken at various section thicl<nesses of the wedge casting. 
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Figure 3.7: DSC results at a heating rate of 20 °Omin for gravity cast Mg65Cu25Yio bull< metallic 
glass cast at 600 °C including: a) Complete DSC curve; b) magnification of Tg region; 
c) magnification ofTx region, andò) magnification ofTm and Ti region. 

Like other amorphous materials, the glass transition (endothermic phenomenon) does not occur 

at a certain temperature, and is heating rate dependentJ®®^ For the present alloy, the 

temperature range was ~ 12 °C for heating rates in the range 2 to 20 °C/min. At a heating rate 

of 20 °C/min, Tg starts at 148 °C and is completed at 168 The value of Tx, which is usually 

taken as a tangent to the crystallisation curve generates a value of -213 °C (these values are 

similar to those reported by Inoue et al.̂ ^̂ "̂ ,̂ as shown in Table 3.1), although it can be seen that 

the absolute starting point of the crystallisation reaction begins much earlier at around 206 °C. 

By definition, we have ATx= Tx - Tg, and these results yield a SCL region of ~ 65 °C. Tm and 

Ti were determined to be 453 °C and 480 °C respectively, which do not vary with heating rate. 

Figure 3.8 shows the dependency of both Tg and Tx on heating rate. This data is analogous to 

Eq. (2.9), a variant of the VFT equation which combines the kinetics of glass transition to the 

equilibrium viscosity, both of which may be related glass stability/fragility.̂ ®®^ 
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Figure 3.8: Results for Tg and Tx determined by DSC at heating rates from 2 to 20 °C/min for 
the Mg65Cu25Yio alloy. 
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Figure 3.9: Time-Temperature-Transformation diagram for the transition from the non-
equilibrium amorphous phase to the equilibrium crystalline structure for the MgesCussYw alloy. 
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It can be seen in Figure 3.8 that both Tg and Tx increases with increasing heating rate, with the 

crystallisation temperature affected more greatly, which, in turn yields a larger SCL region, AT^, 

suggesting that higher heating rates would prove more beneficial for hot working these 

materials. In conjunction with this work, isothermal annealing DSC was carried out at 

temperatures ranging from 160 °C to 200 °C to determine the allowable time frame for 

deformation/working in the SCL region before the onset of crystallisation and to provide insight 

into the kinetics of crystallisation. 

Figure 3.9 shows a Time-Temperature-Transformation diagram generated using isothermal 

annealing data. It is evident that the data follows an Arrhenius type trend, typical of the 

crystallisation reaction shown by Eq. ( 2 . 3 ) , w h e r e temperature plays a leading role in the 

nucleation rate and in accordance with Eq. and depicting the rate of 

growth of these crystalline phases. 

Using temperature/time data acquired by the three thermocouples in the wedge casting, three 

cooling curves were extrapolated from the casting temperature of 600 °C to the equilibrium 

mould temperature, which can be seen in Figure 3.10. 
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Figure 3.10: Cooling rate data from three K-type thermocouples in the wedge casting. 
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The critical cooling rate is defined as the minimum cooling rate required to supercool a liquid 

metal (amorphous structure) to a temperature at which atoms cannot rearrange themselves to 

form a crystalline structure, i.e. the cooling rate for the interval between Ti and prom 

this data, average cooling rates were determined at wedge thicknesses (Z) of 1.2, 4.7 and 8.2 mm 

using the relation:^^*^^ 

dT 

dt At 
(3.1) 

where At is the time interval between Ti and Tg. An example of this determination and an enlarged 

figure of the region of interest between 7/ and Tg is given in APPENDIX A. From these cooling rates, 

a master cooling rate curve was developed with respect to Zand is shown in Figure 3.11. 
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Figure 3.11 : Calculated cooling rate data as a function of wedge thickness. 

From this curve, it was determined that the cooling rate of the MgesCuasYio alloy during cooling 

from the liquidus temperature (480 °C) to the glass transition temperature (148 °C) can be 

approximately given by: 

dT -1 

dt Z(mm) 
(3.2) 
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When molten metal is cooled in a cold metal mould of high thermal conductivity, heat flow is 

controlled by the interfacial resistance at the mould-metal interface.̂ ^̂ ®'̂ ^®^ The mould, being 

assumed to be infinite in extent remains at its original equilibrium temperature TMOULD and the 

entire decrease in temperature is across the mould-metal interface. The total quantity of heat Q 

that transfers across the mould-casting interface in a time interval t is given by:̂ ^̂ ®'̂ ^̂ ^ 

Q = hA{Tc^sT - Tmould (3.3) 

where h is the interfacial heat transfer coefficient, A is the area of the interface and TCAST and 

TMOULD the casting and mould temperature, respectively. Now, the amount of heat present in a 

given volume of metal can be given 

Q = Tcj^st^CpP (3.4) 

where V is the volume of metal present in the mould, Cp the heat capacity and p the density of 

the metal. For descriptive purposes, the latent heat of fusion has been neglected as the quantity 

of material crystallising in the sample is unknown and the transition from liquid to supercooled 

liquid or an amorphous structure cannot be described by regular fusion. By combining Eqs. (3.3) 

and (3.4), and differentiating with respect to temperature and time generates:̂ ^®^̂  

^VC.p = -hA(T - T^o,,^) (3.5) 
at 

Considering we are dealing with one half of the casting (as there is a mould interface where 

heat is being removed on both sides of the plate, we can apply Eq. (3.5) to the case of 

unidirectional cooling, where V/A = Z/2, (Z being the casting thickness), it can be seen that: 

^ ^ -'^HT-T^oau)) .3 gv 
dt ZCpP 

If it is assumed that h, Cp and p are essentially constant for a given temperature interval, the 

rate of cooling is given as: 

dT B 
dt Z 

(3.7) 

where B is constant. 



SECTION 3 - PRODUCTION AND PROPERTIES OF A MQ-BASED BULK METALLIC GLASS 

Equation (3.7) corresponds directly to the results shown in Figure 3.11 and Eq. (3.2). Using this 

equation the approximate critical cooling rate range RQ of the amorphous MgesCugsYio alloy 

may be determined. Since the critical amorphous thickness lies between 3.0 and 3.75 mm for 

the current laboratory set up, the critical cooling rate range is 61.3 to 49.1 K/s which will lie 

within the range of reported cooling rate values of 50 to 100 «c/s.̂ ®®'̂ ^̂ ^ 

3.4. GRAVITY CASTING INTO A COPPER PLATE MOULD 

Once the critical amorphous thickness was determined using samples produced with the copper 

wedge mould, a second copper plate mould was manufactured from 25 mm thick copper plates 

(Figure 3.12 and 3.13), along with a series of spacing shims (0.1, 0.5 and 1 mm) in an attempt 

to generate large flat samples of various thicknesses suitable for mechanical testing. 

3.4.1 Experimental Procedure 

The molten metal was prepared with the method described in SECTION 3 .2 and poured by hand 

into the riser (funnelled section) of the plate mould under an argon-flushed atmosphere. The 

mould riser section was coated with boron nitride, which provided an insulating barrier for 

avoiding premature solidification in this region. Casting was carried out to generate plate sample 

thicknesses of 2-3 mm. A large number of casting temperatures and cavity venting 

configurations were investigated, as well as pre-heating of the mould in an attempt to fill the 

entire mould cavity. The degree of crystallinity of sections of the as-cast samples were analysed 

byXRD. 

Figure 3.12: Schematic diagram of the copper plate mould showing cavity size and dimensions. 
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Figure 3.13: The copper plate mould with a 1 mm shim. Note the boron nitride coating on the 
riser (funnel region) and the polished surface finish of the mould walls. 

3.4.2 Evaluation of the Mg65Cu25Yio Plate Casting 

The production of plate material suitable for mechanical testing was partly successful. However, 

due to the high cooling rates, complete filling of the mould cavity was not possible, as depicted 

in Figure 3.14a). As a result, casting sections of irregular shape were generated (Figure 

3.14b)). Similar to the wedge shaped castings, there was the inherent problem of internal 

stresses within the as-cast samples during rapid cooling which resulted in spontaneous cracking 

of the castings. Such a phenomenon has been observed in other BMG systems in the 

production of large plates^^^^^ Based on these results, it is almost impossible to generate large 

flat plate samples of the MgesCuasYio BMG by conventional gravity casting. 

b) 

, ¿ - «^ii J 

Figure 3.14: a) Photograph depicting the incomplete filling of the mould cavity and b) an 
irregular shaped amorphous shard of 3mm thickness produced using the copper plate mould. 
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Stable sections of these irregular shaped castings were fashioned into regular shapes ready for 

further preparation or testing. In an attempt to produce standard tensile specimens, plate 

material was cut in the appropriate profile using a water jet cutter. As can be seen in Figure 

3.15, this method of preparing tensile test pieces resulted in a poor surface finish, which in 

some cases degraded the structural integrity of the sample and the cut on a tapered edge 

producing a non-uniform cross section. Both of these defects generated samples that were not 

suitable for reliable tensile testing. 

Figure 3.15: A tensile specimen of 3mm thickness produced by water jet cutting. 

3.5. DEVELOPMENT OF THE INVERTED INJECTION DIE CASTING 
TECHNIQUE FOR THE PRODUCTION OF B M G SAMPLES 

Due to the substantial difficulties associated with conventional gravity casting for the production 

of high quality BMGs, a program of research was carried out to develop a die casting facility for 

consistent production of large amounts of material. This method of casting was selected due to 

its likelihood for producing high quality samples of a range of desirable geometries that are 

needed to reduce material wastage due to overflowing moulds, large runner/gating 

configurations and irregular casting shapes. 

3.5.1 Background Work 

Preparing BMG samples from the melt by injection die casting is common among research 

groups. It is usually carried out by applying a positive pressure, either by a mechanical plunger 

or a gas over pressure to force molten metal through a small hole into a mould. According to 

published data, the resulting specimens produced by this route are of reasonable structural 
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integrity and can be fornned in numerous alloy systems in various geometric configurations. A 

schematic representation of the casting equipment was given in Figure which is 

typical of that used for die casting of BMG components. 

When injecting molten metal through a small hole or nozzle, in a downward direction, it is 

inevitable that gravity will play a roll in the déstabilisation of the metal flow front on its 

approach to the mould. It is also likely that the stream of molten metal will be considerably 

narrower than the pattern in the mould. This type of set up can only begin to fill the mould 

after it has hit a wall within the mould, which in turn creates numerous amounts of new 

reflection flow fronts within the mould. In effect, the molten metal stream must 'back fill' the 

mould. In regular die casting, this is not a major problem as cooling rates are quite low. 

However, when casting into a copper mould where cooling rates are high, the molten metal 

stream may not have time to entirely 'back fill' the mould cavity, thereby generating defects 

such as voids and cold shuts. 

To avoid these foregoing casting problems, a completely new type of casting technique, 

specific to BMGs, was designed in this thesis. It is a low-pressure injection die caster that 

uses compressed argon gas to force molten metal through a silica tube into a copper mould. 

A schematic representation of a prototype system is shown in Figure 3.16. There are several 

advantages in using this injection configuration over conventional casting systems for the 

production of BMGs. The 'upside down' (inverted) casting configuration was proven to be 

advantageous as it negates the need for tipping the crucible or the presence of a valve or 

plug in the bottom of the melting crucible for the release of molten metal into the mould. By 

forcing molten metal up the silica tube into the mould, it is possible to utilise the positive 

effects of surface tension and gravity to naturally stabilise the metal flow front on its approach 

to the mould, as opposed to injecting the melt in a downward stream. There is also the benefit 

of taking a sample from the centre of the melt, as opposed to sampling from the top of the 

melt when pouring or from the bottom when using a plug or valve. There are also no valve or 

plug blockage complications with this method of casting. It is also pertinent to note that the 

diameter of the silica tube used to transport the metal into the mould is larger than that of the 

pattern being generated in the mould. Hence, the cross section of the flow front is always 

decreasing, as compared to the use of a small diameter stream of molten metal to fill a larger 

cross section cavity, where the metal stream must 'back fill' the mould cavity which was found 

to lead to cold shuts or incomplete cavity filling at the cavity entrance. Furthermore, the 
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'nozzle' as such, which is the final reduction in cross-section as the liquid metal approaches 

the mould pattern is actually incorporated in the mould pattern for providing a smooth 

transition into the final geometry. 
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Figure 3.16: Schematic representation of the low-pressure die casting apparatus developed for 
large-scale production of BMG samples. 

3.5.2 Casting Methodology 

The low-pressure die-casting apparatus shown schematically in Figure 3.16 uses pressurised 

argon from a gas bottle which is regulated through the regulator labeled 1 (this is the nominated 

casting injection pressure). The charge material is added to a preheated, sealed vessel that has 

been purged with argon gas. The unit is then heated to the desired casting temperature under 

circulating argon which is provided by opening the valve labeled 4 via the circulating argon line 

with regulating valve labeled 2 and a flow meter. Exhaust gasses are handled by opening valve 

5. Once the desired temperature is reached, the copper mould and silica tube unit are attached 

to the chamber. All gas valves are closed, the chamber is sealed and the high pressure gas line 

is opened by opening the valve labeled 3, thereby forcing the molten metal up the silica tube 

and into the copper die to create the sample. Once the sample is obtained, the high pressure 

valve (3) is closed, the exhaust valve (5) is opened, the circulating argon valve (4) is opened 

and the copper mould and silica arrangement are removed from the vessel. Additional charge 

material can be added to the remaining melt and the process can be repeated. 
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3.6. PRELIMINARY DIE CASTING INVESTIGATIONS 

A prototype iron pressure vessel (Figure 3.17) was constructed with appropriate plumbing inlets 

and outlets according to the injection method outlined in SECTION 3.5. Both the inner and outer 

shell of the casting unit was coated with boron nitride for avoiding iron pick up in the melt and 

corrosion of the vessel. The charge material is melted inside the vessel to a specified superheat 

temperature, followed by the introduction of pressurised argon into the chamber for allowing the 

melt to be injected into a copper mould with a 3 mm diameter cavity (Figure 3.18). 

Figure 3.17: Prototype injection caster constructed out of cast iron irrigation fittings with 
appropriate plumbing fixtures. 

Figure 3.18: The tube or rod die. The die was originally twice the length given in this figure but 
was subsequently modified (cut in half) for aiding gas evacuation and for ensuring complete 
filling of the cavity. 
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3.6.1 Experimental Procedure 

Molten MgesCussYio alloy prepared by the method outlined in SECTION 3 .2 was hand cast at -

600 °C into the mould under an argon-flushed atmosphere to produce a number of cast rods of 

10 mm in diameter and 150 mm in length. Surface oxide was removed and the rods cut to 

appropriate lengths for ease of introduction into the injection caster via the mould attachment 

orifice. The charge material was added to the injection vessel, which was purged with argon 

gas, sealed and melted at 600 °C under an argon atmosphere circulating at a rate of 

80 cm /min. The charge temperature was monitored by using a K-type thermocouple inserted 

into a steel sleeve incorporated in the top of the injection vessel. The charge material was 

cooled to a given injection temperature and the desired overpressure applied to the chamber 

using the valve sequence described in SECTION 3 .5 .2 . 

3.6.2 Preliminary Die-Casting Results and Analysis 

Using the injection method described above, both rod and tubular samples were successfully 

produced in this prototype die-caster. The careful control of both pressure and temperature 

during casting allowed the production of either solid rod samples or novel amorphous tubes 

(Figure 3.19 and 3.20). The latter were generated by using higher injection pressures, which 

resulted in molten metal flowing rapidly up the mould cavity walls, sealing the mould vent before 

all of the gas in the cavity could be evacuated by the molten metal front thereby generating an 

amorphous tube. It was found that tubes of various wall thicknesses could be generated by 

varying the injection pressure. For lower injection pressures, high quality rod samples were 

produced as shown in Figure 3.20a). The measurement of both sample length and wall 

thickness as a function of casting temperature and pressure allowed the generation of a 

processing map with respect to these casting variables. 

TttiALM 
P-OJLSb^ 

Figure 3.19: Injection die-cast amorphous Mg65Cu25Yio samples generated using the tube die. 
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Figure 3.20: a) The largest solid rod sample produced using the prototype die caster shown in 
Figure 3.17. b) The production of novel magnesium-based amorphous tubes of 3 mm in 
diameter and 0.4 mm wall thickness. 

Figure 3.21 shows the effect of temperature and pressure on the production of tubular BMGs 

showing that long (100 mm), thin-walled (< 0.4 mm thickness) tubular samples can be 

generated for a range of casting conditions, as shown in the processing map. 
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Figure 3.21: Processing map showing BMG sample wall thickness (0.3-1.5 mm) and length (40 
- 100 mm) as a function of casting pressure and temperature. 



SECTION 3 - PRODUCTION AND PROPERTIES OF A MQ-BASED BULK METALLIC GLASS 

A major aim of the thesis was the reliable production of a large number of high quality BMG 

samples suitable for elevated temperature tensile testing. In an attempt to produce these 

samples, a copper mould was constructed with a cavity in the shape of a standard tensile 

specimen, which may be seen in Figure 3.22. In this work, numerous gating and venting 

configurations were investigated but the ultimate outcome was unsuccessful for two reasons: (i) 

the cavity of the die could not be sufficiently filled to produce a complete sample (even after 

several gating and venting modifications), and (ii) due to the nature of the material, upon 

cooling, the sample would break somewhere along the gauge length due to shrinkage, since it was 

held in the cavity by the two large tabs on either end. Due to these problems, further development 

of the die caster and an alternative method of producing tensile test samples was devised. 

Figure 3.22: The so-called 'dog-bone' die, which consists of a standard tensile specimen 
pattern of diameter 3 mm and gauge length 12.3 mm. Note the numerous modifications made to 
the gas exit tract. 

Figure 3.23: Unsuccessful injection-cast tensile test samples generated using the 'dog bone' 

die of Figure 3.22. 
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3 . 7 . IMPROVEMENT OF THE INVERTED INJECTION DIE CASTING 
TECHNIQUE FOR THE MG65CU25YIO B M G 

SECTION 3 .6 described a reliable, repetitive low-pressure die-casting technique for producing 

high quality rods of MgesCuasYio BMG by optimising the casting parameters. The objective in 

this part of the work was to establish the optimal combination of casting parameters for reducing 

the variation in quality from a minimum number of casting experiments. It was found that charge 

temperature, injection pressure/injection velocity were important parameters for controlling the 

length, porosity and degree of crystallinity in the as-cast samples. For this series of experiments, 

a new, more permanent injection casting unit was constructed. Figure 3.24 shows the configuration 

of the casting unit showing a gas-tight chamber constructed using AISI 316 stainless steel with 

appropriate gas inlets and outlets. The unit uses a copper ring for sealing and a boron nitride coated 

graphite crucible liner to prevent iron pick-up in the melt. The new unit uses the same principles and 

methodology shown in Figure 3.16. Once it had been established that injection die casting was 

the most suitable method of producing a large number of BMG castings for a variety of 

mechanical, thermal and chemical tests, a generic casting geometry was chosen which was 

dictated by both the critical sample thickness of the BMG and the width of an standard ASTM 

tensile test piece (which could later be ground from these samples). After careful consideration, 

a casting geometry of thickness 3.15 mm (to be ground to a 3 mm gauge diameter) and width 7 

mm and maximum achievable length (125 mm die length) was chosen. 

Figure 3.24: Photograph of a) assembled injection die casting unit with stopper and b) 
disassembled showing graphite crucible and copper sealing ring prior to boron nitride coating. 
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Figure 3.25: Dimensions and fitting sizes of the new 3.15 x7x125 mm copper mould. 

3.7.1 Experimental Procedure 

As described in SECTION 3.2, molten MggsCugsYio alloy was cast by hand ~ 600 °C into a steel 

mould under an argon-flushed atmosphere to produce numerous rods of 10 mm in diameter and 

150mm in length. Surface oxide was removed and the rods were cut to a more appropriate 

length as to be easily introduced into the injection caster via the mould attachment orifice. The 

charge material was added to the injection vessel, which was purged with argon gas (purity 

99.997 vol.%) for 10 minutes, sealed and heated to 600 °C under an argon atmosphere 

circulating at a rate of 80cm^/min. The charge temperature was monitored by a K-type 

thermocouple that was inserted into a steel sleeve incorporated in the top of the injection vessel. 

The charge material was cooled to a given injection temperature and the desired overpressure 

applied to the chamber using the valve sequence described in SECTION 3.5.2. The various 

casting experiments carried out in this part of the work are given in Table 3.2. Between each 

casting cycle, further charge material was added to maintain a constant melt level of 90% of the 

maximum chamber capacity. For consistency, die casting was carried out only on a downward 

heating cycle (chamber was cooled to the chosen injection temperature rather than heated to it). 

The melt injection temperature was monitored accurately by a K-type thermocouple and noted 

during each experiment. This was critical for ensuring the prescribed amount of superheat was 

applied during casting. The resulting samples were weighed and measured to determine their 

bulk density and length achieved for each experiment (Table 3.2). The composition of the as-

cast bars was determined using electron probe microanalysis (EPMA) and found to be 

Mg65Cu25Yio (+/- 0.81 at.% maximum for each element). 



Table 3.2: The range of casting temperatures and pressures used for casting i\/ig65Cu25Yio samples and their corresponding results. 

CASTING TEMPERATURE (°C) 
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0.6 

L = 80mm 

MF = 64% 
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L = 65mm 
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L = 78mm 
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MF = 83% 

DN = 90% 
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CD 

Key: L = sample length MF = mould filling % DN = casting density % Grey regions indicate an inconsistent result due to experimental error. S U) 
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Injection Die Casting Results and Analysis 

The principal casting variables studied in this part of the work were injection pressure/velocity, melt 

temperature and melt depth. Die-casting parameters are known to be interdependent and constantly 

in conflict. In practice, the injection process starts by setting up both the melt temperature and the 

injection pressure, with the operator determining experimentally the optimum injection parameters to 

produce a high quality, reproducible casting. Recent topical studies^^ '̂̂ ^^ have indicated that the 

mechanical properties of a die-cast product are related principally to the die temperature, the metal 

velocity at the gate, and the applied casting pressure. The combination of die temperature, the 

mould filling capacity of the molten metal, the geometrical complexity of the parts and cooling rate 

during die casting all affect the integrity of the cast component. If these parameters are not controlled 

adequately, various defects within the finished component are expected to be generated. 

A majority of flow-related casting defects are caused by either trapped gases or premature 

solidification. Ideally, the liquid metal should displace the cavity gas ahead of the flow front as the 

cavity fills. The general objective is to fill the cavity evenly from the runner to the vents without 

creating gas pockets or sealing the vents before the gas escapes. While computational fluid 

dynamics has seen increasing application for cavity filling in die casting over the last decade, 

most methods based on computational modeling are too unwieldy for use in routine die and process 

design, hence the prevailing method for correcting flow problems in die-casting continues to be by 

trial-and-error. 

During the experimental program using the casting unit shown in Figure 3.24, it was found that 

the melt depth dramatically affected the reproducibility of results. A lower melt level inherently 

means that there is more gas in the injection system (specifically the silica feeder tube) to be 

displaced by the advancing molten metal. By having more gas in the system, the propensity for 

the mould vent to seal before all the gas in the system is evacuated is much higher, hence the 

likeliness of generating a hollow casting in much higher. The optimum results were achieved 

when the melt depth was close to maximum. The melt level was therefore held at 90% of the 

maximum chamber capacity for all experiments, this level would then rise upon the immersion of 

the silica feeder tube, keeping the amount of gas in the tube and hence the injection system to a 

minimum. A number of casting results and the corresponding injection casting conditions can be 

seen in Figure 3.26a) to i). 
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mm 
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Figure 3.26: A range of amorphous Mg65Cu25Yio samples produced by injection casting for a 

given combination of melt injection temperature and casting pressure. 
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It was found that the degree of crystallinity of the present alloy was dependent on both the cooling 

rate within the copper mould and mould temperature. It was discovered in the earlier work that 

casting above 650 °C increases the probability of nucleating crystalline structures, as the cooling 

rate was not effectively steep enough to produce a completely amorphous structure. Consequently, 

melt superheat was kept to a minimum. The degree of crystallinity was determined both by X-ray 

diffraction (Philips MRD diffractometer) (Figure 3.27) and transmission electron microscopy 

(PhilipsCM200 97 TEM). TEM foils, as seen in Figure 3.28, were manufactured using focused ion 

beam milling (PEI XP200 machine), with a final milling current of 5 keV. For these casting conditions, 

an amorphous structure was confirmed by XRD and TEM whereby samples showed no diffraction 

peaks in the X-ray spectra and, despite over-exposure, no crystallites in TEM foils. It was found that 

low current ion beam milling did not affect the amorphous structure of the Mg65Cu25Yio sampies.̂ ^ '̂ 

750-
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LU 
H 
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2 THETA 
Figure 3.27: XRD spectrum for the centre section of a 3.15 mm thickness MgesCugsY-io sample 
cast at 585 °C showing a typical amorphous halo. 

Figure 3.28: Images of Mg65Cu25Yio a) SEM image of foil produced using focused ion beam 
milling (FIB) b) TEM image of foil and c) Selected area electron diffraction pattern showing no 
indication of crystals. 
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Pressure was a major experimental variable in this work. However, much of the work in the field 

of die casting is explained in terms of fluid velocity, so calculations were made to determine this 

parameter for various casting conditions so that a comparison may be made for different casting 

systems. By using the pressure boundary condition on the flow front, calculated from a Bernoulli 

integral of the momentum equation 

Px + = A + + Pgh (3.8) 

and assuming that the applied pressure was instantaneous and constant, the movement of the 

flow front was determined by a traditional volume of fluid approach i.e. AjVj = A2V2 to give an 

approximate melt flow velocity (v/r = V2) upon entry to the die for a particular injection pressure 

{PiNJ = P\), that is: 

where p is the density of the liquid metal (3260 kg/m^), P^ = P^ the atmospheric pressure, h 

the silica draw tube height (0.06 m), Aj the cross-sectional area of the melt surface 

(1.78x10 m ) to which the pressure is applied and A^ the cross-sectional area of the silica 

draw tube (6.09x10'^m^). The cross sectional area of the rectangular mould shown in Figure 

3.25 is 2.1x10"^m^, which is used to determine the final velocity of the melt entering the mould. 

This method of calculation gives a maximum possible velocity entering the mould channel, 

neglecting friction effects of the silica tube wall and energy losses associated with flow system 

restrictions. An example of these calculations is given in APPENDIX B. 

3.7.2 Cavity Filling 

The cavity-filling problem in die casting involves transient, inertia-dominated, free surface flow 

within a narrow cavity. The velocities are prescribed at the entrance to the runner and the 

pressure boundary conditions on the free surface depend on the rate at which the excess gas 

escapes through the vents. Most of the energy dissipation occurs at the gates, where the liquid 

metal enters the cavity from the runner.̂ ^̂ ^̂  Since the liquid metal flow velocities (VF) in die-

casting usually range from 10 to 100 m/s. As long as temperatures remain well above the 

liquidus temperature, the kinematic viscosity of the liquid alloy (~5 Pa.ŝ ® '̂) is comparable to that 
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of water at about 6-10 Pa.s. The fluid flow behaviour can be determined by the associated 

Reynolds Number (Re 

P ^F^ 
= (3.10) 

77 

where p is the fluid density, vp the fluid velocity, D the channel diameter and 7] the fluid 

viscosity. 

Although the cavity cross-section in die casting is usually small in both dimensions (typically <10 

mm), the combination of a high injection velocity and a low viscosity at high injection 

temperatures generally generates a Reynolds Number in excess of 5000. Furthermore, fluid 

flow in die casting is strongly dominated by inertia when well above the critical viscosity/freezing 

temperature. It is therefore reasonable to neglect the effect of viscosity at these higher 

temperatures and assume that the flow is both inviscid and incompressible. Even at injection 

speeds normally associated with slow-fill processes such as squeeze casting (<1 m/s). Re is 

still large enough to validate this assumption. The same high Re values that motivate the 

assumption of an inviscid fluid also suggest turbulent flow of the melt. Despite its complexity, 

turbulent mixing actually promotes a blunt time-averaged velocity profile through the cavity 

thickness, which is more consistent with bulk fluid motion than laminar flow.̂ ^̂ ^̂  

Conversely, the increased dissipation of turbulent flow may affect the solution in other ways. In 

a series of flow visualisation experiments, Booth and Allsop'̂ "̂ '̂ varied the injection speeds from 

5 to 50 m/s in a variety of cavity and gating configurations and observed no significant change 

in the fill patterns. Evidently, whatever the difference turbulence makes, it has a negligible effect 

on the bulk kinematics of flow. This is a clear indication that inertia forces generally prevail 

despite the presence of turbulent dissipation. Moreover, the very short fill times in die casting do 

not allow small-scale statistical turbulence to develop fully. This makes it very difficult to justify 

any model that goes beyond a simple inviscid fluid.̂ ^̂ ®'̂ ^̂ ^ 

Premature solidification in the mould is usually avoided by reducing the rate of die cooling 

(heating the die) or increasing the metal injection velocity. In the present work, the cooling rate 

of the die is a critical parameter for obtaining an amorphous sample. Therefore, to counter the 

effects of the high die cooling rate it was deemed necessary to increase the temperature of the 

melt (superheat) and select an appropriate injection velocity. However, insufficient casting 
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velocities and rapid cooling rates were found to result in incomplete filling of the die, as 

indicated in Figure 3.26a). 

Figure 3.29 shows the effect of both casting pressure/velocity and melt temperature on the 

propensity for the alloy to fill the mould cavity. It is clear, particularly for lower casting pressures, 

that the mould filling capability of the system is highly dependent on injection temperature. In 

Figure 3.29, it can be seen that at any given pressure, the contour lines generated from data 

points become further apart at an increasing rate with respect to the temperature axis. 

470 490 510 530 550 570 590 610 630 650 

TEMPERATURE ( X ) 

Figure 3.29: Contour representation of the injection results showing the percentage mould filling 
capacity (length of sample) for a given combination of melt temperature and casting pressure/ 
velocity. 

The viscosity of a BMG, which determines the fluidity of the molten metal whilst flowing in a 

mould cavity, is highly temperature dependent (as indicated by Eq. (2.8)). For an initial melt 

temperature, Ti, the flow of liquid into a cold channel of high thermal conductivity at a constant 

temperature, TMOULD, will result in the metal decreasing in temperature via interfacial heat 

transfer to the channel. This reduction in temperature will result in an increase in the viscosity of 

the liquid (Eq. (2.8)), whereby, at some critical temperature Tc, there is a critical viscosity 

r i - r i f ^ where flow is no longer possible. 
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Using the simple analysis of F l e m i n g s , a n element of liquid metal entering a channel at a 

flow velocity, VF, will result in the loss of heat into the channel with the instantaneous 

longitudinal temperature distribution in the liquid given schematically in Figure 3.30. 

Superimposed on this figure is the expected change in viscosity with temperature (Eq. (2.8)) 

where a critical casting length, Lc, is reached at 7/ = ^ ^ . 

As described in SECTION 3.3.2 for wedge casting, for a channel of thickness Z , where it is 

assumed that there are negligible frictional effects between the liquid and channel wall and heat 

flux is interface-controlled, then heat leaving the liquid volume element is equal to heat entering 

the channel: 

dT 

dt 
= (3.11) 

where h the interfacial heat transfer coefficient, Cp and p the heat capacity and density of the 

liquid metal, respectively, T and TMOULD the melt and channel temperature, respectively. 

Again, if Eq. (3.11) is applied for the case of unidirectional cooling, where V/A = Z/2, it can be 

seen that the rate of temperature change of the flowing metal is given as: 

dT 

dt ZCpP 

The time, tr, for the liquid volume element to move from jc = 0 to x = L^ (where stagnation 

occurs since T f - r j ^ ) is: 

(3.13) 

Integrating Eq. (3.13) from i = 0 to i = and combining with Eq. (3.12) gives: 

v ^ Z A r _ hij, ^MOULD ) 

24 CpP 
(3.14) 

where T. is the temperature of the melt as it enters the channel. The right hand side of Eq. 

(3.14) is essentially constant which gives L^ oc (vp/Sl)^ for a given channel cross-section and 

for a melt that does not crystallise.̂ "̂̂ ^^ Hence, for a given value of L^ , the critical liquid flow 

velocity is inversely proportional to the degree of superheat above the critical temperature, T^, 

which corresponds to // = //c • Figure 3.29 demonstrates this inverse relationship between v^ 

and A J . 
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Figure 3.30: The temperature drop in liquid metal of initial temperature, Tu flowing through a 
channel. Based on Eq. (2.8), the viscosity increase associated with this temperature drop is also 
shown. At the critical temperature T = where rj^rj^., flow will cease at x-L^. 

3.7.3 Voids, Porosity and Surface Defects in As-Cast Samples 

If liquid metal cools too rapidly as it flows, it may partially solidify before the cavity is completely filled, 

which can lead to a number of casting defects, including degradation in surface quality, general 

porosity and cold shuts, all of which may reduce the structural soundness of the casting. It was 

observed that low casting pressures and high casting temperatures resulted in the majority of the 

argon gas in the injection system escaping through the mould vent ahead of the fluid front. However, 

if the vent was sealed by the advancing metal before the gas escaped, or if the metal encircled 

portions of the gas as it flowed, the resulting casting would contain a certain degree of porosity. 

Since the liquid metal is assumed to be incompressible, the pressure in the cavity gas cannot affect 

the metal velocities as long as it is all contained in a continuous pocket. Once two or more separate 

air pockets form, the flow front pressure may no longer be uniform and the relative pressure between 

distinct air pockets begins to affect the fluid flow front.̂ ^̂ ®'̂ ^̂ ^ Furthermore, if the charge material was 

injected too rapidly (high pressure/velocity), the entire length of the die cavity was covered but a 

hollow section or 'shell' structure was generated within the sample, as shown in Figures 3.26b) and 

c). (Similar to the overpressures utilised to create the amorphous tubes. Figure 3.20). The effect of 

both liquid metal flow velocity (and pressure) and melt temperature on the density of an as-cast 

sample is given in Figure 3.31. 



SECTION 3 - PRODUCTION AND PROPERTIES OF A MQ-BASED BULK METALLIC GLASS 

T 1 1 1 1 1 1 1 1 1 1 r 
470 490 510 530 550 570 590 610 630 650 

TEMPERATURE ( X ) 

Figure 3.31: Contour representation of the injection results showing the density (percentage) of 
castings with respect to porosity and/or a hollowed structure for a given melt temperature and 
pressure/velocity. 

It has been shown that an inhomogeneous metal layer is formed on the surface of Mg-alloy die 

castings when cast at a high temperature and flow rapidly in contact with a mould wall, and that 

this layer generates a surface warping defectJ "̂̂ ^^ This appears to be the case with the present 

alloy, as shown in Figure 3.26c). Here, rapid freezing of the metal in contact with the copper 

mould creates 'flow-like' striations on the surface of the finished product. It is also important to 

note that the spontaneous cracking of amorphous Mg65Cu25Yio samples observed when gravity 

casting of flat plate sections was not an issue during injection die casting. Unlike the samples 

produced by gravity casting, the die-cast samples also exhibited a certain degree of toughness 

and could be bent and dropped without fracture. The mechanical instability problem appears to 

have been eradicated by continuously applying pressure (the injection pressure) to the casting 

as it cools, which is inherent to this low-pressure injection process. This phenomenon is 

possibly due to a certain degree of induced structural relaxation during cooling. The 

pressure/velocity-temperature diagrams given in Figures 3.29 and 3.31 provide a useful 

representation of the desirable parameters needed for producing high quality amorphous bars 

of the present alloy. Figure 3.32 shows these diagrams in combination to generate an overall 

processing map that provides information on the optimum conditions for generating amorphous, 

fully dense BMG samples that completely fill the mould cavity. 
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Figure 3.32: Processing map showing the effect of casting pressure/velocity and melt 
temperature on mould filling capacity and sample density. The shaded zone indicates the 
optimum processing window for generating the highest quality BMG samples. 

It can be seen that the desirable processing window (shaded zone) is reasonably large and a 

sound casting is expected for a range of processing parameters. Based on this diagram, the 

optimum combination of melt temperature and casting pressure to generate a sound casting is 

560-580 °C and 0.4-0.5 bar, respectively, as demonstrated by the as-cast samples shown in 

Figure 3.26h) and i). The processing map of Figure 3.32 was utilised successfully to 

consistently produce a large number of high quality BMG samples shown in Figure 3.33. 

Figure 3.33: A number of full length, fully dense Mg65Cu25Yio BMG samples produced by low-

pressure injection die-casting. (Temperature = 585^C and Pressure = 0.5 bar). 



SECTION 3 - PRODUCTION AND PROPERTIES OF A Mg-BASEP BULK METALLIC GLASS 

3 . 8 . DEVELOPMENT OF A TECHNIQUE FOR PRODUCING TENSILE 
TEST SAMPLES FROM DIE-CAST B M G S 

Despite extensive investigations on the mechanical properties of BMGs since 1960s, most studies 

have been carried out by compressive testing at room temperature.^^^^ A limited number of 

investigations have been reported on tensile deformation of BMGs using non-standard test 

specimens (usually in ribbon form). In the ternary Mg-Cu-Y system, all deformation studies to date 

have been carried out in c o m p r e s s i o n I n order to standardise testing techniques, tensile 

test specimens in compliance with ASTM-B8 were generated in this thesis. 

It was shown in SECTION 3.6.2 that injection die casting was not suitable for the direct production of 

the complex geometry of a typical tensile test sample in the Mg65Cu25Yio alloy. Hence, a novel 

preparation device was constructed for producing tensile test samples (Figure 3.34). The apparatus 

was designed specifically to grind rectangular as-cast samples of dimensions 7 mm x 3.15 mm into 

a 'dog bone' shaped sample of diameter 3 mm and gauge length 12.3 mm in accordance with 

ASTM-B8 for tensile testing (Figure 3.35). The apparatus uses a copper lap of diameter 120 mm, 

with an outer diameter profile that matches the longitudinal profile of the desired tensile test 

specimen (Figure 3.34b)), which is engrained with #600 grade diamond powder. The sample is held 

in a set of collet-style grips and spun counter directionally to the copper lap. It can be spun at 

variable speeds to produce standard tensile specimens of the required dimensions. The samples 

are prepared to a near mirror finish (with negligible surface striations) and are sufficient for tensile 

testing. Figure 3.36 shows a number of Mg65Cu25Yio BMG tensile test samples produced by this 

technique. 

Figure 3.34: a) Variable-speed tensile specimen grinder and b) the profiled copper grinding 
wheel with engrained #600-grade diamond powder. 
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Figure 3.35: The dimensions of the ground ASTM-B8 compliant tensile test samples. 
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Figure 3.36: A number of completed Mg65Cu25Yio BMG samples prepared for tensile testing. 

3.9 . ELEVATED TEMPERATURE MECHANICAL BEHAVIOUR OF THE 

M g e s C u a s Y i o B M G 

In the supercooled liquid (SCL) region, there is a drastic decrease in material viscosity (see e.g. 

SECTION 2.6.4). This phenomenon has attracted substantial attention in industry due to the 

increased ability in near-net-shape forming of these materials into complex components. From 

an engineering viewpoint, an understanding of the deformation behaviour of BMGs in the SCL 

region would prove beneficial for future applications of such materials. This part of the thesis 

describes the elevated temperature flow behaviour (uniaxial tension) of the Mg-base BMG using 

the standardised tensile test samples shown in Figure 3.36). The data generated from these 

tests allowed the development of deformation maps with respect to temperature and strain rate 
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for identifying specific deformation behaviour (of particular interest and importance, Newtonian 

flow behaviour) over a broad range of testing conditions that may prove useful for near-net-

shape fabrication of these materials. 

3.9.1 Experimental Procedure 

The Mg65Cu25Yio BMG tensile test samples were produced from injection-cast bars of 

rectangular cross section using the grinding technique described in SECTION 3.8. The ASTM 

standardised tensile test samples (Figure 3.36) were deformed in air using an MTS 810 

hydraulic tensile machine equipped with a 1kN load cell and an MTS 651 Environmental 

Chamber for high temperature testing. A built-in Eurotherm 2024 temperature controller was 

employed to maintain constant temperature within ±1 °C. However, since the built-in 

thermocouple was at the inside corner of the furnace chamber, an additional K-type 

thermocouple was positioned in close proximity to the specimen to monitor the temperature at 

the specimen surface. A schematic diagram of the equipment used for this part of the thesis is 

given in Figure 3.37. The MTS 651 Environmental Chamber was preheated to each preset 

temperature prior to mounting the specimens. Due to the fact that Tg is not a unique physical 

property of the BMG (see Figure 3.8), the heating rate of all samples was kept constant at 5 

°C/min after reaching 140 °C. During heating, the tensile samples were held at a constant load 

of 5N which was necessary for allowing for the expansion of the stainless steel draw bars so as 

not to crush the sample upon heating. Tensile testing commenced after the sample was 

stabilised for ~ 5 min at the selected test temperature. 

DRAW BAR 

TENSILE SAMPLE 

DRAW BAR 

LOAD CELL 

CHAMBER CONTROL 
THERMOCOUPLE 

FAN-FORCED, 
INSULATED 

ENVIRONMENTAL 
CHAMBER 

AUXILIARY 
THERMOCOUPLE 

LOAD 

Figure 3.37: Schematic representation of the equipment used to perform elevated temperature 

tests on the Mg65Cu25Yio BMG samples. 
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3.9.2 Constant Strain Rate Tensile Testing 

The tensile deformation behaviour of the die-cast MgesCugsYio BMG within the SCL region (150-

170 °C) was examined at constant strain rates ranging from 10'̂  to lO'"" s"\ The maximum strain 

to failure of these samples was in excess of 1300% which was limited only by the maximum 

travelling distance of the tensile testing unit. 

Isothermal annealing DSC experimental results carried out at temperatures ranging from 160 to 

200 °C (Figure 3.9) were used to determine the allowable time frame for tensile testing before 

the onset of crystallisation. Using this data it was determined that testing should be carried out 

at temperatures at or below 170 °C to avoid crystallisation within the experimental time frame, 

hence constant strain rate tensile testing was carried out at temperatures from 150 to 170 °C in 

increments of 5 °C. 

Table 3.4 provides a summary of results for the BMG including peak load (Lp), flow stress {Gfj, 

maximum strain (SMAX) and elongation (Elong). Samples were observed to have failed in either a 

brittle type manner with elongations <2.3% or continued to flow plastically until failure. Brittle and 

Non-Newtonian flow regimes are marked in Table 3.4 as dark grey and light grey, respectively, with 

the other values indicating Newtonian flow conditions. 

For some samples that flowed in a homogeneous, plastic manner, a stress overshoot, which is 

a typical indication of non-Newtonian flow conditionŝ ®®'̂ "*̂ ^ was observed. This phenomena has 

also been observed in other BMG systems by Kawamura et al.̂ "̂̂ ^̂  and is generally attributed to 

the change in atomic-mobility at the yield point with increasing strain rate, and its gradual return 

to an equilibrium state during stress relaxation.̂ ®®""'® '̂̂ '̂ ^̂  Following this overshoot was a yield 

drop to a lower equilibrium flow stress. The flow stress of samples was determined using the 

methodology described in APPENDIX C. The general strain-induced softening phenomenon after 

an initial peak stress is explained by an increase in the free volume of the amorphous structure 

and the generation of shear bands, which act as dislocation-like defects to accommodate 

Both of these effects contribute to a lower flow stress. 



Table 3.4: A summary of tensile test conditions and corresponding results for the Mg65Cu25Yio BMG. 

CONSTANT STRAIN RATE (s^) 

IxlO"* 5x10'̂  2.5x10^ 1x10^ 7.5x10"̂  5x10"̂  1x10"̂  

Lp = 618N Lp = 407N Lp= 121N Lp = 46N Lp = 6.7N 

170 
(7f = 87.4MPa af = 57.6MPa i7/- = 17.1MPa Gf = 6.52MPa Gf = 0.95MPa 

170 
^MAX= 161 .5mm £MAX= 161.7mm ^MAX= 161.0mm ^MAX=83.1mm ^MAX=65.7mm 
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3.9.3 The Effect of Deformation Temperature on Flow Behaviour 

Plastic deformation of a metallic glass is believed to occur by two major m o d e s A t low 

temperatures, deformation is inhomogeneous and confined to a small number of very thin shear 

bands. Inside these bands, the shear strain and shear strain rate are very large. 

Inhomogeneous flow is an instability due to progressive softening believed to be a result of 

deformation-induced disordering, accompanied by shear-induced d i l a t a t i o n , t h o u g h the 

atomistic mechanism of the phenomenon is still under i n v e s t i g a t i o n . ^ ^ A t higher 

temperatures in the SCL region, deformation is considered homogeneous, whereby each 

volume element of the material undergoes the same strain. This behaviour generally generates 

exceedingly large elongations during tensile deformation. Typical results at a strain rate of 5x10" 

ŝ""" for temperatures from 155 °C to 170 °C are shown in Figure 3.38. 

10 11 12 13 14 

Figure 3.38: Stress-Strain curves for Mg65Cu25Yio samples tested at a strain rate of 5x70'V 
for temperatures ranging from 155 °C - 170 °C. 

A stress overshoot and yield drop to an extremely small flow stress were observed in some 

cases. Such flow softening behaviour of BMGs was originally observed by and is 

similar to the phenomenon observed in polymer systems.̂ ^̂ ®^ Kawamura et al.̂ '̂̂ ^̂  investigated 

the stress overshoot in Zr-based metallic glasses and concluded that the stress overshoot 

occurred in a non-Newtonian flow state when the strain rate was increased. The stress 

overshoot was attributed to the change in atomic-mobility at the yield point, with increasing 

strain rate, and its gradual return to an equilibrium state during stress relaxation.̂ "̂̂ ^^ In this 

temperature range, the flow was homogeneous and failure occurred in a ductile manner and, as 

expected, flow stress increased as the test temperature was decreased. This result relates 

directly to the inherent increase in viscosity of the material with respect to a decrease in 

temperature, analogous to Eq. (2.8) when testing in the SCL region. The temperature 

dependence of sample ductility is also evident in Table 3.4, where the small strain to failure of 
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the brittle samples also increases with increased temperature. The overall form of the flow 

curves at various temperatures and strain rates are similar to that observed in a number of BMG 

forming systems including Pó}^''^ Zr}^''^ La.t^''^ Cû ®̂̂ ' and tF ' ' ^ based BMGs for the tensile-

deformed samples. Figure 3.39 shows the change in flow stress as a function of testing 

temperature at various strain rates for all samples tested, highlighting the boundaries between 

Newtonian and non-Newtonian flow (to be discussed in detail anon) and a low temperature 

inhomogeneous region where brittle fracture occurs. (N.b. there is a distinct change in direction 

of curves in the non-Newtonian regime). In the homogeneous deformation zone (both Newtonian 

and non-Newtonian), most samples deformed to elongations considerably greater than 1000%, 

which was limited only by the travel distance of the tensile testing unit (Figure 3.40). 

1 7 5 

4 0 6 0 8 0 

FLOW STRESS Gf (MPa) 

Figure 3.39: Effect of temperature on the flow stress at various strain rates. 

120 

40mm 

Figure 3.40: As-prepared and deformed (170 °C at 10'^ s^) tensile test samples showing an 

elongation in excess of 1300%. 
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3.9.4 The Effect of Strain Rate on Flow Behaviour 

Typical stress/strain results at 170 X for strain rates in the range of 1x10"^ to 1x10''' s""* are 

shown in Figure 3.41, with Figure 3.42 showing the effect of strain rate on flow stress for the 

entire sample range. Both figures indicate that the material flow stress decreases with 

decreasing strain rate. 

Figure 3.41: Effect of strain rate on flow stress during tensile testing of the MgesCugsYio BMG 
at 170 

1000 

0.001 0.01 0.1 
S T R A I N R A T E (s"*) 

Figure 3.42: Effects of strain rate on flow stress at different temperatures for the Mg65Cu25yio 

BMG. (m = 1 for Newtonian 
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As discussed in SECTION 2.6.4, the steady-state flow stress can be described according to the 

transition state theory of flow stress, where the relation between af and e under uniaxial 

constant strain rate loading conditions is given by Eq. (2.32), namely, 7]= Of I ?>e, with T] 

defined as the apparent viscosity parameter.̂ ®®'̂ ^̂ ^ Using this relationship, the viscosity of the 

material for the specific test conditions was calculated according to the tensile test results and can 

be seen in Figure 3.43, which exemplifies the strain-rate dependence of the flow stress at 

various temperatures for the MggsCugsYio BMG. 
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Figure 3.43: The effects of strain rate on viscosity in the SCL region for the Mg65Cu25Yio BMG. 

Here, it can be see that the viscosity in the SCL region is independent of strain rate at lower strain-

rates (suggesting Newtonian flow conditions) and temperatures between 160 °C and 170 °C, 

indicating Newtonian flow. As the strain rate increases, viscosity becomes dependent on strain 

rate and decreases in a linear fashion, indicating that flow conditions change from Newtonian to 

non-Newtonian, which is similar to the results found by Inoue and Kamawura indicated in 

Figure 
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3.9.5 Flow Characterisation of the l\/lg65Cu25Yio BMG using the Free Volume 

Free volume is defined as excess volume owing to the disordered state of the atomic 

configuration. The plastic deformation is attributed to atomic jumps into neighbouring holes or 

flow defects that exceed a critical size, to accommodate strain. Spaepen̂ ^®°̂  showed that 

uniaxial flow behaviour of a metallic glass may be given by Eq. (2.34). Both the activation 

volume and frequency factor for a given deformation temperature were calculated from the 

experimental values of flow stress and strain rate using Eq. (2.34) (e.g. given in APPENDIX D). 

The results are given in Table 3.5. It can be seen that an increase in temperature results in an 

increase in the frequency of elementary defect jumps {¿J , with a corresponding decrease in 

the activation volume involved per atomic jump (V). Here, the flow stress corresponds to the 

stress level for a given temperature at which the internal stresses are large enough to generate 

additional free volume, thereby resulting in a decrease in viscosity. 

Table 3.5: Activation volume and frequency factor obtained from the experimental data fitted to 
equation (3.15). 

Temperature (°C ) ¿ o ( s ' ) y (nm^) 

160 9.35x10"^ 0.331 
165 1.91x10'^ 0.329 
170 6.92x10"^ 0.268 

Viscosity can also be defined in terms of the free-volume model by combining Eq. (2.32) with 

Eq. (2.34) to give: 

ft = i (3 15) 
'ie^sinhiafV 12Sk J ) 

Newtonian viscosity ) is expected at high temperatures and low stresses, so Eq. (3.15) can 

be rewritten as:̂ ®̂̂ '"*®®̂  

i S k J 
(3.16) 

Based on the work of Bletry et al.,̂ ®̂̂ '̂ ®®' normalised viscosity [ r i l r ] ^ ) can be determined by 

combining Eq. (3.15) with Eq. (3.16) to give: 

77 (TfV/lSk.T 
— = ^ , r (3.17) 
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Equation (3.17) was used to construct the viscosity master curve shown in Figure 3.44 in terms 

of 77/77 ̂  as a function of GfV/lyf^kg T for all homogeneous flow data (an example given in 

APPENDIX D). The master curve successfully demonstrates Newtonian flow in the supercooled 

state at higher temperatures and lower strain rates where normalised viscosity is unity, 

analogous to Figure 3.42. Conversely, higher strain rates resulted in a decrease in viscosity, 

showing a transition state from Newtonian flow to non-Newtonian flow. The critical strain rate for 

Newtonian flow was found to increase with increasing temperature. For example, deformation at 
2 1 

a strain rate of 10" s' led to non-Newtonian flow at 160 °C whereas, for the same strain rate, 

Newtonian flow was observed at 170 °C. 

i I I I 11111 
0.1 1.0 

a V / l ^ k ^ T 
10 

Figure 3.44: Master curve of normalised viscosity region for the Mg65Cu25Yio BMG constructed 
using Eq. (3.17). 

3.9.6 Fragility Determination of the IVIgesCuzsYio BMG Using the VFT Equation̂ ®® ®® 

As discussed in SECTION 2.3.2, viscosity of a Newtonian fluid (i.e. a BMG in the Newtonian Flow 

regime) can be described using the VFT equation. Viscosity data generated from Newtonian 

flow results at 170, 165 and 160 °C, was fitted using mathematical iteration to Eq. (2.8) 

77 = 77̂  exp[D*TjT - T J , a variant of the VFT equation where To is the VFT-temperature at 

which the barriers with respect to flow would go to infinity and D*is called the 'Fragility' 

parameter of the liquid. (Figure 3.45). By using iterative curve fitting for the three unknown 

constants using Origin Version 6.0, it was found that 77̂  = 3.031 x10'® Pa.s, To = 257.97 K and 
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D*= 21.64. These results are similar to those published by Busch et for viscosity data 

generated by three point bending where rj^ = 3x10'® Pa.s, To = 260K and Z)*= 22.1. 
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Figure 3.45: Curve fitted to viscosity data from the Newtonian flow regime using Eq. (2.8). 

Another form of the VFT equation developed by Busch et Eq. (2.10) combines the kinetics 

of glass transition to the equilibrium viscosity. Here, the dependence of Tg on the inverse of 

heating rate,y^, is given by = T Q & X P [ D * T O / T - T O ] - By using DSC data (Figure 3.8) to 

determine the onset of Tg and using the same mathematical iteration methodology, a curve was 

fitted (Figure 3.46) to these data points. 

• 

T-
k 

T-
QQ. 

35 

30 

25 -

20-

15-

10 

5 -

p"^ = 1.843E-15e 

R^ = 0.979 

5i04(i/r-ro) • 

T T 

0.0059 0.006 0.0061 0.0062 0.0063 0.0064 0.0065 0.0066 

l/T-To (K-^) 

Figure 3.46: Curve fitted to heating rate and Tg onset data using the modified VFT Eq. (2.10). 

-15 
The solution for the three unknown constants using Origin Version 6.0, found that T^ =1.8 xlO 

Pa.s, To= 258.2 K and D*= 19.8. These results are comparable to those found using viscosity 

data in Figure 3.45. These values may now be used to compare the MgesCuasYio BMG to other 

glass-forming systems with respect to glass fragility for commercial applications. 
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3.9.6. Strain Rate Sensitivity and Superplastic Flow Behaviour of the MgegCuzsYio BiVIG 

The independence of viscosity with strain rate has important practical consequences when 

working BMGs in the SCL region. The relationship between log flow stress {(7f) and log strain rate 

{¿) in the SCL region for the MgesCugsYio BMG is shown in Figure 3.42 and can be expressed by 

Eq. (2.30), (Tf = Kè"", where the slope of a tangent to the curve for any given temperature 

data set corresponds directly to the strain-rate sensitivity (m); an m-value of unity indicates ideal 

Newtonian flow/̂ ^̂ "̂ ^®^ whereby the material can be worked homogeneously with the highest 

degree of efficiency.̂ ^® '̂̂ ®^̂  The variation of the m-value in the supercooled liquid region with 

respect to temperature and strain rate is shown in Figure 3.47 (map construction method is 

shown in APPENDIX E). It can be seen in Figure 3.47 that the variation in the strain rate 

sensitivity correlates well with conditions pertaining to Newtonian flow (m = 1), non-Newtonian 

flow (0.6 < m < 1) and brittle failure (m < 0.6). It can be seen that these results correspond 

directly with the boundaries determined using the free volume model, thereby supporting current 

viscosity theory of BMGs and the free volume model for the Mg65Cu25Yio BMG. 
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Figure 3.47: The variation of the strain rate sensitivity exponent (m) in the supercooled liquid 
region with respect to temperature and strain rate. 

It is of particular interest that the m-value for the present BMG approaches a value greater than 

unity in some cases above 165 It is pertinent to note that m-values greater than unity are 

usually associated with microstructural instability.̂ ^®^^ Similar observations have been made in 
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the Pd4oNÌ4oP2o BMG alloy, at temperatures higher in the SCL region where crystallisation is 

known to occur. An m. value greater than unity has also been observed in some ceramics 

deformed at high temperatures. 

3.9.7 The Effect of Temperature, Strain and Time on Plastic Flow 

During tensile testing, the possibility of crystallisation was encountered both at higher test 

temperatures and lower strain rates (i.e. longer time at temperature). An eventual rise in flow 

stress is generally attributed to the strengthening effect of nano-crystallisation of the 

supercooled liquid, where the viscosity of the partially nanocrystalline solid is higher than that of 

a fully amorphous structure at elevated t e m p e r a t u r e s , d u e to a composite effect. 

In a series of tests carried out at temperatures ranging from 160 to 170 and a strain rate of 

1x10'^ s\ there was a marked rise in flow stress prior to the predicted onset of (static) 

crystallisation (determined by isothermal DSC experiments), as shown in Figure 3.48. This rise 

in the flow stress prior to the onset of static crystallisation (indicated by the DSC curves in 

Figure 3.48) was attributed to deformation-induced crystallisation. An identical phenomenon 

has been noted during homogeneous deformation of other BMG systems.̂ ®®'̂ ® '̂̂ "̂ ^ 

5.0 

170°C STRESS 
165°C STRESS 
160°C STRESS 
170®C DSC 
165°C DSC 

0.014 

- 0.012 

- 0.01 

- 0.008 

- 0.006 

- 0.004 

- 0.002 

0) 
I 

o u IL 
H a z 

T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 I I I I 
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 

TIME (min) 

Figure 3.48: Stress -time plot of samples tested at a train rate of 10'^ s\ showing the effect of 

dynamic (strain induced) crystallisation compared to static crystallisation (isothermal DSC 

curves) for the Mg65Cu25Yio BMG. 
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There are two major mechanisms proposed for the reduction of crystallisation time during 

deformation in the SCL region.̂ ^®^^ The first mechanism is described as deformation-induced 

disordering, whereby the extent of atomic diffusion necessary for nucleation is enhanced due to 

the increase in free volume caused by plastic flow^̂ ®^̂  (nucleation being diffusion related).'^^^ 

The second mechanism is described as non-equilibrium phase separation caused by plastic 

deformation which is argued to generate local compositional changes resulting in regions 

exhibiting a reduced viscosity compared to that of the nominal composition. Such behaviour is 

expected to induce flow localisation in these low-viscosity regions causing further 

decomposition. Due to the thermodynamic instability of BMGs in the SCL region, phase 

separation into two or more slightly different supercooled liquids may occur and trigger primary 

crystallisation.f̂ ®®'̂ ®®^ 

A related phenomenon was also noted for samples tested at a temperature of 170 °C and strain 

rate of 5x10'^ s ' \ where flow could be described as segmented or serrated, as shown in Figure 

3.49. 

40mm 

Figure 3.49: Segmented or serrated flow in a sample tested at 170 °C and 5x10'^ s\ 

Figure 3.50 shows stress-strain and stress-time plots for samples tested at a temperature of 

170 °C and strain rates of 5x10'^ s'̂  and 1x10"^ s ' \ where it can be seen that such serrated flow 

behaviour is strain related rather than time dependent, although the strengthening effect 

(crystallisation) appears to be suppressed in the sample deformed at the higher strain rate. 

Similar serrated flow behaviour was observed during the deformation of ZresAhoNiioCuis metallic 

glass. These fluctuations in flow stress were explained to be the result of interactions between 

nanocrystalline agglomerates in the amorphous matrix, whereby when these agglomerates 

collide, stress increases due to the increase in viscosity and conversely decreases as they glide 

past one another. 
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3.50: a) Stress-strain plot and b) Stress-time plot for samples tested at a temperature of 
and at strain rates of 5x10'^ s^and 1x10'^ s\ 

Temperature/time and crystallisation during deformation was also found to play an important 

role in the ductility of the BMG. At high strain rates (shorter test periods) at low temperatures in 

the SCL region, the samples remained fully amorphous and showed exceptional ductility 

(Figure 3.51). However, samples that experienced any degree of crystallisation during straining 

were found to fracture at elongations less than 1300% and had a tendency to break during post-

test handling, indicating that the partially crystalline structure exhibited relatively poor ductility. 

40mm 

r3 -1 
Figure 3.51: Tensile sample tested at a temperature of 160 °C and strain rate of 5x10' s 

showing extraordinary ductility and flexibility. 
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3 . 1 0 . CRYSTALLISATION BEHAVIOUR OF THE Mg65Cu25Yio B M G 

3.10.1 Time-Temperature-Transformation Diagram Development 

Using the model developed by Takeuchi et alĴ ^̂  (SECTION 2.4.5) to predict the position of the C-

curve in a BMG TTT diagram with respect to the non-equilibrium supercooled liquid phase a 

transformation curve was constructed represented by the solid blue line in Figure 3.52. Included 

in the diagram are the liquidus (480 °C) and glass transition (148 °C) temperatures (solid red 

lines) and the onset (dashed black line) and completion (solid black line) of crystallisation 

according to isothermal annealing data (Figure 3.9). Also included in the diagram are the 

cooling curves from the wedge casting (Figure 3.10) of: (i) the amorphous 1.2 mm section 

(dotted black line); (ii) the partially crystalline 4.7 mm section (dashed black line), and (iii) the 

crystalline 8.2 mm section (solid black line). It can be seen that there is a strong correlation 

between the curve predicted by the Takeuchi model and the experimental data. 
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Figure 3.52: Time-temperature-transformation diagram including cooling curves from the wedge 
casting, isothermal annealing data showing the onset and completion of crystallisation at given 
temperatures and the C-curve predicted by the Takeuchi modelF^^ 
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3.10.2 Preliminary Static Crystallisation Investigation 

To determine the phases present and the order in which these phases appear during 

crystallisation, a series of annealing experiments were carried out on the Mg65Cu25Yio BMG 

Amorphous samples were annealed at a temperature of 230 °C for 3 and 9 minutes. These 

samples were then analysed using XRD to determine the different crystalline phases present 

(Figure 3.53). It has been demonstrated that the first phase to form is MgsCu; this is associated 

with the diffusivity of individual atomic species and directly related to atomic radius, whereby 

smaller atoms such as copper (-128 pm) may diffuse more readily through the amorphous 

structure. The formation of MgaCu during crystallisation of MgeoCugoYio between Tg and 7> was 

reported by Linderoth et which is supported in the present work. From this data it was 

determined that there are five possible phases likely to be present in the partially crystallised 

alloy, namely: l\/lg2Cu, Mg, CugY, Mg24Y5 and residual amorphous MgesCuasYio. 

b) 

40 50 

2 THETA 

CO 
z 
LU 

• o • 

20 30 

WJ 
• Mg2Cu 
• Mg 
OCusY 
• Mg24Y5 

40 50 

2 THETA 
60 70 80 

Figure 3.53: XRD traces from amorphous Mg65Cu25yio samples annealed for a) 3 min andb) 9 
min at 230°C. 

3.10.3 Transmission Electron Microscopy (TEM) and Atom Probe Tomography (APT) 

In order to confirm that a nanocrystalline structure was generated during tensile straining, and 

for gaining an insight into the mechanisms associated with dynamic crystallisation in the 

Mg65Cu25Yio BMG, a series of samples suitable for transmission electron microscopy (TEM) 

analysis and atom probe tomography (APT) were milled from various samples believed to 

contain crystallites using a focused ion beam. The 'micropost release' technique^^ "̂"̂  involves 

milling a post from the sample with the area of interest at the tip, detaching it from the bulk, then 
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transferring, mounting and securing it to the edge of a TEM slot grid, which is then prepared for 

further analysis. APT is a microstructural characterisation technique that uses the principle of 

field ion evaporation (using a local electrode atom probe or LEAP) to remove atoms from a 

sample by applying a high electric field to the sample tip/̂ ^^^ Once evaporated, the species and 

position (in 3-dimensions) of each individual atom can be identified with the aid of a time-of-flight 

mass spectrometer and a position sensitive detector. 

3.10.4 Sample Preparation for Atom Probe Tomography 

Samples suitable for both TEM and APT analysis were prepared using a FEI XP200 dual beam 

FIB, which uses gallium ions to 'mill' (removal of material) a specimen of desired dimensions. 

The specific technique used to generate these samples is termed the 'micropost release 

technique', as developed by McGrouther et al.̂ ^̂ ^̂  

The initial step in the formation of a micropost is the milling of two cuts each made at 45° 

relative to the surface of the material and which converge at some depth below the surface as 

seen in Figure 3.54a). The length of these cuts is typically 50 |jm. The spacing of the cuts and 

their depth (typically 0.5 |im) are carefully chosen so that they intersect, thereby creating a 

support bridge. Following this step, further milling/thinning of the sample at one end is carried 

out to create a 'tapered shank' type sample. This methodology results in the milling/removal of a 

relatively large volume of material, hence a relatively large ion beam current (7.0 nA) was used 

to minimise sample preparation time. A finished sample for this stage of preparation can be 

seen in Figure 3.54b), which indicates a sample tip size of around 260 nm. 

The following step of sample preparation requires the sample to be removed from the bulk 

material. This is achieved by removing the bulk sample from the FIB chamber and using a 

micromanipulator. A hot-drawn glass needle (sharp tip) was used on the end of a robotic 

micromanipulator to break the sample away from the bulk material. The loosened sample was 

attracted to the glass needle by static forces, where it is then lifted and placed on to the smooth 

inner edge of a modified 1x2 mm copper TEM slot grid, as shown in Figure 3.54c). The 

modified TEM slot grid was placed back into the FIB where the base of the sample was welded 

in place using the in-situ platinum deposition gas injection system, as shown in Figure 3.54d). 

Exposing the post to a 30 keV annular mill produced a uniform circular cross section that is 

required to produce a symmetric electric field around the tip when using the LEAP. After annular 

milling, a 5 keV clean up mill with circular cross section (not annular) was used to remove 

material damaged by the 30 keV ion beam, which further sharpens the sample tip to a diameter 
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less than 50 nm. The tip finished with this mill can be seen in the SEM image in Figure 3.54e). 

Once the sample tip was sufficiently sharpened, further platinum was deposited around the 

base of the post to secure it to the grid, ready for both TEM and APT analysis. 

Figure 3.54: a) The two initial 45° cuts made relative to the bulk sample surface, b) a 'tapered 
shank' micropost milled from the initial 'support bridge', ready to be removed from the bulk 
sample, c) micropost placed on a modified copper TEM slot grid, d) platinum deposited over the 
micropost to hold it in place and e) finished atom probe tip after annular milling and 5 keV 'clean 
up' mill. 
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3.10.5 APT Sample Investigation by TEM 

An analysis of the APT micropost samples using TEM showed that the samples held at 

temperatures of 170 -160 °C and strained at 1x10 'V were indeed nanocrystalline. Figure 

3.55a) shows a dark field TEM image of a MgesCuasYio micropost milled from the strained 

region of a tensile sample which had undergone an elongation of 534% tested at 170 °C at a 

strain rate of 1x10'^ s"\ where regions of nanocrystals that range in size from 20-60 nm were 

evident. Figure 3.55b) shows a similar image from the strained region of a tensile sample which 

had undergone an elongation of 638% during testing at 165 °C at a strain rate of 1x10"̂  s"\ 

where nanocrystals of size 7-20 nm can be seen. 
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Figure 3.55: Dark field TEM micrographs of APT samples milled from the strained regions of 
tensile samples tested at a) 170 °C and b) 165 °C at a strain rate of 1x10'^ s'^ 

Figure 3.56 shows a bright field TEM micrograph of a micropost milled from the strained region 

(sample had undergone a strain of 1050%) of a sample tensile tested at 160 °C at a strain rate 

of 1x10"^ s\ Here, nanocrystals ranging in size from 2-6 nm are evident. Also highlighted in this 

figure is the apparent depth of ion damage (-5.8 nm) from the final 5 keV milling process and 

(inset) a diffraction pattern of the tip region, revealing a number of diffraction reflections 

indicative of crystallites, and, both broad and narrow halo ringlets around the transmitted 

electron beam characteristic of a primary amorphous phase and several altered amorphous 

regions, which may exhibit short range ordered atomic domains. 
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50nm 

Figure 3.56: A bright field TEM micrograph of the APT tip milled using a focused ion beam from 
the strained region (1050% strain) of a tensile sample held at 160 °C and strained at a rate of 
IxW'^s^ for 180 minutes and (inset) the SAD pattern from the area indicated. 

3.10.6 APT Analysis 

As discussed previously, APT is a microstructural characterisation technique that uses the 

principle of field ion evaporation to remove atoms from a sample by applying a high electric field 

to the sample tip. To induce field ion evaporation, a voltage between the local electrode and 

sample, in the order of 10 kV is applied. Under these conditions, electric fields in the order of 

20-40 V/nm can only be generated if an electrically conductive sample is produced in the shape 

of needle with a circular cross section, a taper angle of less than 5° and tip radius less than 

50 nm. Once evaporated, the species and position (in 3-dimensions) of the atoms can be 

identified with the aid of a time-of-flight mass spectrometer and a position sensitive detector. 

From the majority of samples tested, no atom probe data was obtained as the posts failed 

during the initial stages of analysis in the LEAP, usually due to the post breaking under the 

mechanical force generated by the applied electric field. Figure 3.56 is a bright field TEM 

micrograph of the post from which the first reported APT results using the 'micropost release 

technique' have been obtained. Figure 3.57 shows the APT results, which consist of over 5x10^ 

atoms, where the solvent atoms, magnesium, are removed from the data set for ease of 

analysis. Copper and yttrium atoms are represented by the green and red spheres, respectively. 
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Figure 3.57: Atom probe data set consisting of around 5x10^ atoms tal<en from the APT tip 
shown in Figure 3.56.(Cell dimensions in nm). 

From this data set (Figure 3.57), distinct nanocrystalline regions of high copper or yttrium 

concentrations are evident, indicating segregation either prior to or during crystallisation. If this 

is so in the former case, it would enforce the theory described in SECTION 3.9.7, whereby the 

reduction of crystallisation time during deformation is believed to be due to non-equilibrium 

phase separation into two or more slightly different supercooled liquids caused by plastic 

deformation this phenomenon is argued to trigger primary crystallisationĴ ®®"̂ ®^̂  

From the central region of this data set, a sample data set 50x50x120 nm was further analysed 

and shown in Figure 3.58. An iso-concentration surface set at a concentration of 15% Y is 

shown in red and defines a boundary between two distinct composition regions; these regions 

are likely to contain 2-6 nm diameter nanocrystals (as shown in the TEM image of the tip in 

Figure 3.56). Small regions devoid of copper atoms (green) indicate a high concentration of 

yttrium and/or magnesium. 

I l l 
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Figure 3.58: A sample data set (50x50x120 nm) taken from the 5x10^ atoms set in Figure 
3.56. An iso-concentration surface set at a concentration of 15% Y is shown in red, defining the 
boundary between two distinct regions. 

From this sample data set, a composition sample of diameter 10 nm was taken from the region 

indicated in Figure 3.59 (n.b. the existence of Cu (green) and Y (red) rich regions), from which 

an atomic composition analysis was carried out, as shown in Figure 3.60. 

Figure 3.59: A composition sample of diameter lOnm taken from the sample data set in Figure 
3.58. 

From previous work (SECTION 3.10.2), it is known that at least five possible phases may be 

present in the partially crystallised sample: MggCu, Mg, CU2Y, Mg24Y5 and residual amorphous 

Mg65Cu25Yio. However, if the theory of non-equilibrium phase separation into two or more 

slightly different supercooled liquids caused by plastic deformation^̂ ®®'̂ ®^̂  is tenable, the 

presence of amorphous phases of compositions varying slightly from the base Mg65Cu25Yio, 
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glass should exist, which may explain the .presence of additional halo ringlets in the transmitted 

electon beam in the SAD pattern in Figure 3.56 which are not evident in Figure 3.28c). 

•10 0 10 20 30 40 50 60 
DISTANCE (nm) 

Figure 3.60: Atomic composition map generated from the region depicted in Figure 3.59. 

Further analysis of Figure 3.60 reveals that the areas in labelled Region 1 have an average 

composition of Mg5oCu42Y8.5. This composition breaks down to Mg5oCu25 (or twenty-five parts 

MggCu stoichiometry) and CuiyYg.s (eight and one half parts CU2Y). Based on static 

crystallisation knowledge (SECTION 3.10.2 and literature MgaCu phase is expected to 

form first, (which is also related to the diffusivity of the smaller Cu atom of radius 128 pm. 

Region 2 is associated with magnesium (atomic radius 160 pm) and yttrium (atomic radius 180 

pm) rich regions, as depicted in the iso-concentration surface map in Figure 3.58. These 

regions approach an average atomic concentration of Mg65Cu2oYi5, which is similar to the 

nominal composition. This composition breaks down to ~Cu2oYio (ten parts CU2Y), one part 

Mg24Y5, and the remainder, forty-one parts crystalline Mg. Based on static crystallisation results 

and atomic diffusivity with respect to atomic radii, these regions are expected be the last to 

crystallise, and may contain residual amorphous regions close to Mg65Cu25Yio stoichiometry, as 

suggested by the numerous diffuse rings seen in the SAD pattern in Figure 3.56. 

Finally, region 3 shows a composition that lies between that of regions 1 and 2 of approximately 

MgsaCuasYia. This region is expected to be a crystalline region exhibiting a transition in 

stoichiometry between region 1 and 2, or a region developing from the amorphous state similar 

to the original amorphous composition generated by non-equilibrium phase separation. 
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S E C T I O N 4 - P R O D U C T I O N A N D P R O P E R T I E S O F 
A C A L C I U M - B A S E D B M G 

4 .1 . BACKGROUND 

Calcium is a reactive alkaline earth metal and usually used in metallurgical processes as an 

alloying addition to purify iron melts by scavenging impurities^^^^^ or in the refining of lead 

alloys.̂ ^̂ ^̂  Calcium has one of the largest atomic sizes among the elements (-197.6 pm) and 

has a low density (1540 kg/m^). Calcium-based amorphous alloys were first reported by St. 

Amand and Giessen in 1978.̂ °̂̂  They discovered a high glass-forming tendency in seven binary 

Ca-alloy systems occurring over broad composition ranges. 

Ca-based BMGs are a relatively new and unique group of light-weight amorphous alloys. The 

first Ca-based BMGs were reported by Inoue and coworkers in 2002, where they produced fully 

amorphous rods with a maximum diameter of 4 mm for two ternary alloys, Ca57Mgi9Cu24 and 

Ca6oMg2oAg2o,̂ ®̂̂  and 7 mm for a quaternary alloy, Ca6oMg2oAgioCuio,̂ ^̂ ^ by conventional copper 

mould casting techniques. More recently, numerous multi-component glass-forming systems 

based on Ca have been explored, such as the Ca-AI-(Mg, Zn, Cu, Ag),̂ ^̂ "̂ ^ Ca-Mg-(Zn, Cu, Ag, 

jgjJ [227,275-277] ̂ ^^^ vaHous combinations of these systems, which can be seen in Table 4.1. Ca-

based BMGs are potential candidates for a range of applications as they exhibit a high glass-

forming ability/stability as well as unique physical and chemical properties including low 

densities (2000-2200 kg/m^), relatively high compressive yield strengths (-350 MPa), low 

Young's moduli (17-20 GPa), low glass transition temperatures (100-130 °C), large supercooled 

liquid regions (22-66 °C) and superplastic behaviour within the supercooled liquid region. While 

most Ca-based crystalline alloys oxidise in air in a matter of days, many Ca-based metallic 

glasses are argued to maintain a metallic lustre long after casting.̂ ^̂ ®^ They are also potential 

candidates for dissolvable biomedical applications due to their bio-compatible compositions. 

In this part of the thesis, the Ca65Mgi5Zn2o alloy was selected for detailed analysis as it has 

been reported to have one of the lowest densities of all BMG systems, a maximum critical 

thickness of 15 mm at a solidification rate less than 20 °C/s when cast in a copper mould and 

displays a supercooled liquid region of 35 This material also shows potential in 

biomedical applications as a dissolvable type implant, since all elements in the alloy are 

compatible with the human body in large quantities. 
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Table 4.1: Critical thickness and various thermal properties of selected Ca-based BMGs. 

ALLOY (at.%) Zc 
(mm) CC) 

Tx 
TO TO TO 

Ti 
TO 

Tr, REF 

Ca66.4Al33.6 1 255 267 12 560 590 0.634 [274] 

Ca63Al32CU5 2 230 257 27 535 570 0.623 [274] 

CaeoAboAgio 2 210 258 48 508 525 0.618 [274] 

CaeoAboMgio 2 235 250 15 [274] 

Ca6oAl3oZnio 1.5 225 257 32 [274] 

Cases AlassMgioCus 3 220 247 27 490 525 0.646 [274] 

Ca56.5AI28.sMg10 Ags 3 215 242 27 [274] 

Ca6oMg2oAg2o 4 [36] 

Ca6oMg2oAgioCuio 7 [37] 

Ca55Mg2oZn25 2 110 155 45 350 429 0.535 [275] 

Ca6oMgi5Zn25 6 106 154 32 336 377 0.507 [275] 

Ca6oMgi7.sZn22.5 10 105 155 45 336 377 0.546 [275] 

Ca62.5Mgi7.5Zn2o 10 102 139 35 336 367 0.595 [275] 

Ca65Mgi5Zn2o 6-15 102 137 50 336 357 0.582 [227,275] 

Ca7oMgioZn2o <1 M 126 37 336 384 0.586 [275] 

Ca4oMg25Cu35 4 126 163 37 377 407 0.587 [277] 

Ca45Mg25Cu3o 6 127 165 38 354 405 0.590 [277] 

Ca5oMg25Cu25 9 127 166 39 354 382 0.611 [277] 

CasoMg22.5CU27.5 10 127 169 42 354 390 0.603 [277] 

Ca5sMg25Cu2o 8 125 155 30 354 395 0.596 [277] 

Cas7MgigCu24 4 [36] 

Ca58Mgi8Cu24 6 115 153 38 355 394 0.582 [277] 

Ca6oMg2oCu2o 4 114 139 25 356 405 0.571 [277] 

Ca65MgisCu2o 4 110 136 26 357 409 0.562 [277] 

Ca7oMgioCu2o 1 112 134 22 397 440 0.540 [277] 

Ca7oMgioNi2o 13 158 180 22 - 410 0.631 [276] 

Ca47Mgi9Zn7Cu27 6 120 167 47 334 403 0.581 [278] 

Ca5oMg2oZn5Cu25 10 126 168 42 338 381 0.610 [278] 

CasoMg25ZnisCuio 8 110 157 47 330 450 0.530 [278] 

Ca5oMgi5ZnioCu25 10 122 161 39 327 405 0.583 [278] 

CassMgiaZnuCuie >10 100 166 m 330 363 0.586 [278] 

CassMgisZnieCui i >10 111 164 53 331 352 0.614 [278] 

Ca58Mgi8Zni2Cui2 >10 100 155 55 328 355 0.594 [278] 
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4 . 2 . FURTHER DEVELOPMENT OF THE INVERTED INJECTION DIE 
CASTING TECHNIQUE - INDUCTION HEATING 

The Ca-based BMG studied in this thesis was produced using an entirely new casting facility 

developed and constructed in-house, and designed specifically for the production of lightweight 

BMGs. This unique facility utilises the same inverted (upside down) injection casting theory as 

the facility used to cast Mg-BMGs (SECTION 3.5). However, the major innovation was the 

incorporation of induction heating to melt the charge material. This die casting facility, shown in 

Figures 4.1 to 4.3, is capable of single step alloy preparation to a maximum temperature of 

1300 °C, at a heating rate of 500 °C/min, which reduces alloy preparation time to the order of 

minutes. The facility is also capable of vacuum melting, melting under a dynamic gas 

atmosphere (reactive or inert gases), conventional gravity casting, 'inverted' injection casting, 

vacuum/suction casting or a combination of injection/vacuum casting. The facility's extremely 

fast heating rate and inert atmosphere capabilities are essential for the production of the 

CaesMgisZnao alloy due to the extremely reactive nature of molten calcium. 

Figure 4.1: Photograph of the induction-heated die casting facility developed for the production 

of Ca65Mgi5Zn2o and other lightweight BMG samples. 

The several advantages of using an inverted injection casting configuration over conventional 

injection systems for the production of BMGs were discussed in SECTION 3.5.1. However, in the 

previous experimental work outlined in SECTION 3.7.2, it was found that, when using a small 

sealed heating chamber, the rapid application of a gas overpressure resulted in a rapid impulse 

and abrupt motion of the molten metal flow front; this resulted in an initial instability of the metal 

flow front that restricted its use to low injection pressures. 
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Figure 4.2: Schematic representation of the melting chamber of the die casting facility 
developed for casting BMGs. 

In a further development of the casting facility, the volume of the heating chamber was 

increased substantially to accommodate an induction coil. This increase in chamber volume 

reduced the impulse (time taken for pressure to build up) of the applied gas overpressure which, 

in turn, created a lower acceleration of the molten metal flow front from rest, thereby allowing it 

to stabilise much earlier in its motion path up the filler tube into the copper die. This modification 

allowed higher injection pressures resulting in higher injection velocities of the flow front at the 

mould gate and in the mould pattern itself, subsequently resulting in more frequent complete 

filling of the mould cavity over a greater range of injection parameters when compared to the 

previous design (Figure 3.24). However, the increased pressure posed another problem within 

this process. In preliminary work, it was found that once the mould vent had been sealed, 

pressure would build up to the much higher injection pressure that, at higher casting 

temperatures, caused 'blow through' whereby any molten material remaining in the sample was 

ejected through the mould vent, leaving a hollowed sample. To avoid this problem, a variable 

pressure relief valve was fitted to the melting chamber, allowing the accurate control of the 

pressure build up. 
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Figure 4.3: A comprehensive representation of the valve and gas plumbing configuration of the 
BMG die casting facility shown in Figure 4.1. 

Figure 4.3 shows a comprehensive diagram of the valve and gas plumbing configuration 

developed for enabling the casting facility to achieve such a large range of casting and melting 

capabilities (all valves described herein are solenoid valves, activated by electronic switches on a 

remote control station board). Here, highly pressurised gas (argon in this case) is supplied from a 

gas bottle to shield the melt and provide the force for injection casting. The desired injection 

pressure is governed via a VARIABLE PRESSURE REGULATOR (labelled). The region labelled PR is a 

pressure reservoir, which has a volume of approximately twenty times that of the melting 

chamber. This reservoir ensures that a constant pressure is supplied to the chamber upon 

injection casting. Prior to melting, the chamber is vacuum purged with argon. Assuming all 

solenoid valves are closed, this is achieved by first switching the two-way solenoid valve 4, in the 

default gas outlet direction. The vacuum pump labelled VP is switched on and the valve labelled 5 

is opened. The pressure gauge labelled P, which reads pressures in the range -100 to 150 kPa, 

indicates the pressure of the chamber as the vacuum is applied. Once a substantial vacuum is 

achieved, valve 5 is closed and the high flow volume gas inlet valve 3 is opened to fill the chamber 

with gas. This is repeated numerous times to ensure any residual oxygen is removed from the 

chamber during melting. Once the chamber has been purged and all valves are again closed, 

circulating gas may be applied to the melting chamber. This is achieved by simultaneously 

opening valves labelled 1 and 2. The desired circulating gas flow rate is governed by the VARIABLE 
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FLOW METER, which Can be adjusted from 0 to 200 cm^/min. Once the desired melt temperature is 

reached, casting can be carried out by one of the following methods: 

(i) GRAVITY CASTING - the crucible is removed from the chamber by using the incorporated 

raising bar and manually poured into the desired mould. 

(ii) INJECTION CASTING - this method was used in this thesis whereby the chamber access lid is 

opened, the desired mould is attached to the die-casting unit, valves 1 and 2 are closed 

simultaneously, and valve 3 is opened to apply the desired gas overpressure, forcing the 

molten metal up the silica tube into the mould. Once the mould is filled, valve 3 is closed, 

valves 1 and 2 are opened to return the chamber to atmospheric pressure and continue 

protecting the melt, the mould is removed from the chamber and the access lid is replaced. 

(iii) VACUUM CASTING - a vacuum is generated by the vacuum pump VP which draws the molten 

metal up the silica tube into the mould. This is achieved by leaving valves 1 and 2 open as to 

maintain atmospheric pressure in the chamber, with all other valves remaining closed. 

Casting is carried out by attaching the AUXILIARY VACUUM LINE to the vent of the desired 

mould. Valve 4 is moved from its default position to the direction of the auxiliary vacuum line. 

The vacuum pump VP is switched on, the chamber access lid is opened, and the mould is 

attached to the die-casting unit. During casting, valve 5 is opened which draws the molten 

metal into the mould. The pressure supplied by the vacuum pump is constant, so the velocity 

(constant) of the molten metal in the mould is governed by variable flow meter set up. 

(iv) COMBINED VACUUM AND INJECTION CASTING - the two pressure differentials now work in 

tandem to fill the mould cavity. This method is generally used for very thin castings to aid in 

rapid gas evacuation and cavity filling. Casting is carried out by attaching the AUXILIARY 

VACUUM LINE to the vent of the desired mould. Valve 4 is moved from its default position to the 

direction of the auxiliary vacuum line. The vacuum pump VP is switched on and the chamber 

access lid opened, then the mould is attached to the die-casting unit. For casting, valves 1 

and 2 are closed and valves 3 and 5 are opened simultaneously, as to apply the preset 

injection pressure and vacuum for filling the mould cavity. 

The pressure at which the chamber is held, once the mould is filled, is determined by the one-way, 

variable pressure relief valve, which is plumbed back into the exhaust gasses line. 
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4.3. ALLOY PREPARATION 

A two-stage melting and casting procedure was carried out for the preparation of the 

CaesMgisZngo alloy. A CasoMgao (99.9 wt%) master alloy, Zn (99.9 wt.%) and Ca (99.8 wt.%) raw 

materials were used for the charge preparation. All materials were mechanically cleaned 

immediately prior to melting to minimise the amount of the fast forming oxide film of the Ca-

based materials. The balance of Ca was placed in the bottom of a molybdenum crucible, 

followed by the balance of zinc and approximately 1/3 the balance of master alloy. The melting 

chamber was evacuated and purged with argon gas (99.997 vol.%) five times, followed by the 

circulation of argon gas for 20 min at a rate of 200 cm^/min. The charge was induction heated to 

700 °C and held for 5 min, stirred using a tungsten rod then cooled to room temperature. The 

remainder of the master alloy was added to the crucible, heated to 700 °C and held for 5 min, 

stirred then cooled to the desired injection temperature, where it was held for 1-2 min and again 

stirred using a tungsten rod immediately prior to injection casting. 

Based on the binary phase diagrams given in Figures it can be seen that 

melting the alloy in this order allows the preparation temperature to be kept as low as possible 

for minimising the evaporation of the more volatile constituents. Among the constituents, zinc 

will melt first with a melting point of 419 °C. It can be seen in Figure that, at the 

maximum ratio of calcium to zinc for this composition, i.e. Ca76.5Zn23.5at% (from Ca65Zn2oat%), 

moving from 100% zinc will result in all calcium dissolving at a temperature below 700 °C since 

all eutectic temperatures are below 700 °C. Figure shows that the melting point of the 

Ca8oMg2o(wt%) master alloy is - 470°C, which is also well below our preparation temperature of 

700 °C; this will aid in the dissolving of pure calcium. Figure indicates that all 

combinations of magnesium and zinc will have a melting point below 700 °C. 

Figure shows the ternary phase diagram for the present alloy; there is a ternary eutectic 

reaction at a composition of Ca64Mgi4Zn22 with a corresponding melting temperature of 336 °C. 

The presence of the deep ternary eutectic in this area provides a strong liquidus temperature 

gradient in the selected composition area, which leads to an expected high GFA of the alloy 

composition.^^^ According to the phase diagram, the glass-forming alloy Ca65Mgi5Zn2o has a 

near ternary eutectic composition that lies just in the Ca phase field and shows the smallest 

difference between the liquidus and solidus temperatures of alloys studied within this system 

(Table 4.2). 
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Figure 4.5: Equilibrium binary phase diagram of the Ca-Mg system, indicating the location of 

the CasoMgso wt% master alloy 
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Figure 4.6: Equilibrium binary phase diagram of the Mg-Zn system}^^^^ 
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Figure 4.7: The liquid surface of the Ca-Mg-Zn ternary equilibrium phase diagram showing the 
nominal composition of the alloy studied in this thesis (redrawn Senkov and Scott)'^^'^^^ 
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4.4. DETERMINATION OF CRITICAL THICKNESS, COOLING RATE AND 
THERMAL PROPERTIES OF THE CA65MGI5ZN2O B M G 

For the determination of the maximum amorphous thickness and critical cooling rate, a copper 

graduated cylinder mould was constructed, with sample diameters ranging from 2-10 mm, which 

can be seen in Figure 4.8 and Figure 4.9. This allowed a wide range of cooling rates to be 

achieved. To enable the measurement of cooling rates, insulated K-type thermocouple wires of 

diameter 0.02 mm were introduced to the mould cavity via the mould split at various diameters. 

Using these thermocouples, the variation in the metal cooling rate for given diameters was 

determined, enabling the calculation of the critical cooling rate of the CaesMgigZnao BMG. 

3/4 inch BSP Ilf 

[>12mm 
[>10mm 

D=9mm - ' ' 
D=8mm ' 
D=7mm 
D=6mm'" 
[>5mm-—^ 

Oamm— 
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Figure: 4.8: Workshop drawing of the copper mould used to produce Ca65Mgi5Zn2o alloy 
samples of varying diameters. 

Figure 4.9: Photos of the copper graduated cylinder mould a) assembled and b) split. 
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4.4.1 Experimental Procedure 

For the determination of critical thickness and cooling rate, the CaesMgigZnso alloy was prepared 

using the melting sequence described in SECTION 4.3 and casting methodology of SECTION 4.1-

(ii) INJECTION CASTING. Four K-type thermocouple wires of diameter 0.02 mm (for fast response 

times) were incorporated into the mould cavity at diameters of 4, 6, 8 and 10 mm for 

determining the variation in cooling rate of the alloy during casting. On the final melting cycle, 

the alloy was cooled to 420 °C, held for 1 min and stirred using a tungsten rod. The graduated 

cylinder copper mould was attached to the die-casting unit and the charge material injected into 

the mould at an overpressure of 1.5 Bar to generate the sample. Temperature data was 

gathered at time increments of 0.01 s using a DT800 dataTaker data logging unit. The 

composition of the as-cast sample was determined to be CaesMgisZnao ±0.28at.% by electron 

probe microanalysis (EPMA) using a Cameca SX50 microanalyser and X-Ray fluorescence 

(XRF) using a Philips PW2400 XRF and UniQuant analysis software. The resulting sample was 

segmented along its centre (the last portion of the sample to solidify) and analysed for 

crystalline phases using a Phillips XPERT MRD X-Ray Diffractometer and CuKa radiation. In 

order to determine the thermal properties of the alloy, such as Tg, Tx, Tm and T/, sections of the 

cylinders found to be amorphous by XRD were examined using a TA 2010 differential scanning 

calorimeter at various heating rates. 

4.4.2 Evaluation of the Ca65Mgi5Zn2o Graduated Cylinder Casting 

Attempts at producing an amorphous CaesMgisZnao sample by injection casting into the graduated 

cylinder mould were successful and a typical as-cast sample is shown in Figure 4.10. 

Figure 4.10: Photograph of a Ca65Mgi5Zn2o sample cast at 420 °C and 1.5 Bar overpressure 
using the graduated cylinder mould with insulated thermocouples in situ. 
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The graduated cylindrical samples were sectioned along their centre-line for further analysis. 

The degree of crystallinity of the sample sections was determined by XRD. The XRD traces for 

the given sample diameter can be seen in Figure 4.11. 

Figure 4.11: X-Ray diffraction patterns taken from centre sections of Ca65Mgi5Zn2o cylinders of 
different diameters following casting at 420 °C. 

A completely amorphous structure was generated at a sample diameter of up to 8 mm, given by 

the characteristic broad amorphous crest and the absence of sharp crystalline peaks. Sections 

above this thickness were observed to have a partially crystalline interior and an amorphous 

annulus. This XRD data indicates that the critical diameter Dc of the amorphous Ca65Mgi5Zn2o 

alloy for this particular casting procedure is 8-9 mm. To determine the characteristic thermal 

properties of the amorphous alloy DSC was used to determine Tg, Tx, Im and Ti on 3 mm 

sections of the as-cast material. Isochronal DSC scans were performed at heating rates ranging 

from 5 to 20 °C/min. The thermal properties for the CaesMgigZngo BMG at heating rate of 20 

°C/min cast at a temperature of 420 °C are shown in Figure 4.12. 
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Figure 4.12: a) Complete DSC Curve for low-pressure die-cast CaesMg^sZnzo BMG cast at 420 

°C and magnifications of b) Tg, c) Tx and d) T^ and Ti regions. 

Similar to the Mg-base BMG, the glass transition temperature varied with heating rate. For the 

Ca-base BMG, the temperature range was ~ 12 °C for heating rates in the range 5 to 20 ®C 

/min. At a heating rate of 20 °C/min, Tg starts at ICQ °C and is completed at 110°C. Taking the 

midpoint of the tangent between these two points (using Thermal Advantage Version 1.1a) 

Software) yields a value of Tg of 105 °C, which is similar to that reported by Senkov et as 

shown in Table 4.2. The value of Tx, which is usually taken as a tangent to the crystallisation 

curve, generates a value of -137 °C (again comparable to values in Table 4.2), although it can 

be seen that the absolute starting point of the crystallisation reaction begins much earlier at 

around 132 °C. By definition, we have ATx= Tx - Tg, resulting in a SCL region of - 32 °C. Tm 

and Ti were determined to be 337 and 357 °C respectively, which do not vary with heating 

rate. 
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Figure 4.13 illustrates the dependency of both Tg and Tx on heating rate. Here, it can be seen 

that there is very little variation of the thermal characteristics of the glass over the given range of 

heating rates. The variation of Tg and Tx with respect to heating rate is related to glass 

stability/fragility, whereby a lower heating rate dependence indicates a more fragile glass.̂ ®°̂  

This behaviour is described by Eq. (2.10), a variant of the VFT equation that combines the 

kinetics of glass transition to the equilibrium viscosity. 

160 T 
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1 0 1 2 1 4 1 6 18 2 0 2 2 

HEATING RATE CCImln) 

Figure 4.13: DSC results for Tg and Tx at heating rates from 5 - 20 °C/min. 

Figure 4.14 shows isothermal DSC results for the temperature range 135 -110 °C, presented in 

a Time-Temperature-Transformation diagram. It can be seen from the isothermal DSC data 

that, when the CaesMgigZnso BMG is held at temperatures near and greater than 125 °C 

(greater than half of the SCL region), the onset and completion time of the crystallisation 

reaction becomes quite short, again indicating a fragile/less stable glass. This is somewhat 

analogous to the observation made previously, whereby the thermal characteristics of the glass 

with respect to heating rate also indicate a fragile glass. Another indication of poor glass stability 

is the size of the SCL For the present alloy, ^Tx (-32 °C) is quite small relative 

to other BMGs with such high critical casting thickness).̂ ^®^^ 
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Figure 4.14: An annealing time-temperature-transformation diagram, which follows a non-
Arrhenius type relationship. 

It can be seen that the data presented in Figure 4.14 does not follow the expected Arrhenius 

type relationship expected for a crystallisation reaction. This behaviour may be explained using 

the VFT relation, Eq. (2.8),̂ ®°̂  which describes the change in viscosity as a function of 

temperature and liquid fragility i.e. 7] = !]^ e x p [ D * J ^ / r - r ^ ] . We can see both from the VFT 

equation and experimental observations (Figure 2.6b)) that a more fragile liquid will deviate 

further from Arrhenius-type viscosity behaviour. It is also known that viscosity (which is inversely 

proportional to diffusivity, SECTION 2.3.2), has conventionally been regarded as a kinetic factor 

controlling the jumping and rotation rates of atoms or molecules across the nucleus-liquid 

which is a determining factor in both the nucleation rate (Eq. (2.3)) and 

growth (Eq. (2.11)) of crystalline phases. 

Temperature/time data acquired by the four K-type thermocouple wires were recorded at a 

capture rate of 100 points per second and averaged for three repeats of the same experiment 

with an injection temperature of 420 °C and gas over pressure of 1.5 Bar. These results are 

given in Figure 4.15. From the data given in Figure 4.15, the linear cooling rates of the 

CaesMgisZnao alloy from the liquidus temperature (357 X ) to the glass transition temperature 

(105 °C), for diameters of 4, 6, 8 and 10 mm were determined using Eq. (3.1). 
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Figure 4.15: Averaged temperature/time data taken from the 0.02 mm K-type thermocouple 
wires captured at time increments of 0.01 s at sample diameters of 4, 6, 8 and 10 mm for three 
repeated casting experiments at 420 °C. 

Using the cooling rates determined by Eq. (3.1), cooling rate as a function of sample diameter is 

shown in Figure 4.16. 
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Figure 4.16: Cooling rate data taken between the liquidus temperature of 357 °C and the glass 
transition temperature of 105 °C by 0.02 mm K-type thermocouple wires at mould diameters of 
4, 6, 8 and 10 mm. Errors are taken as half the range of the given data points for three 
individual samples. 
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From this curve, the approximate average cooling rate for a sample of diameter between 4 and 

10 mm is given as: 

dT ^ \35XKs-'mm-') 
dt D(mm) 

This equation can be compared with a simple energy balance of the process. Since the cavity 

in the mould has a circular cross section of various diameters, by assuming that the heat flux is 

interface-controlled (neglecting frictional effects between the casting and mould wall), the heat 

leaving the volume element (casting) is equal to heat entering the mould which may be 

described by:̂ ^̂ '̂  

?" = -/i(r - T^o^^ ){7tDdx) (4.2) 
at 4 

where D is the channel diameter, h the interfacial heat transfer coefficient, Cp and p the heat 

capacity and density of the liquid metal, respectively, and Tand TMOULD the casting and channel 

temperature, respectively. Rearranging Eq. (4.2) gives the rate of temperature change of the 

casting: 

dT ^ mT-T^o,^) ^^^^ 
dt CppD 

By assuming that h, Cp and p remain relatively constant for a given temperature interval (given 

as A), results in an inverse relation between cooling rate and casting diameter, i.e.: 

^ = ^ (4.4) 
dt D 

This relation corresponds directly to that observed in the experimental cooling behaviour of the 

CaesMgisZnao alloy in Eq. (4.1), indicating that at temperatures close to the liquidus temperature 

cooling is governed by interfacial heat transfer. 

Since the maximum amorphous diameter of the CaesMgisZnao BMG was 8-9 mm, in accordance 

with Eq. (4.1) the critical cooling rate is computed to be 170-150 Is. These results also 

indicate that the critical amorphous thicknesses achieved in copper mould casting of BMGs are 
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not necessarily an indicator of glass stability. There are some discrepancies in the literature as 

to the reproducibility of critical thickness measurements for the Ca65Mgi5Zn2o BMG. In 2003, 

Park and Kim reported a critical thickness of over 15 mm by casting from a graphite crucible in 

air and a critical cooling rate of 20 for the same CaesMgigZnao BMG. Also apparent in 

the work of Park and Kim^̂ ^̂ ^ was the response time of their thermocouples that appears to be 

much slower than those used in this thesis (Figure 4.15). 

In 2005, Senkov and Scott reported a critical thickness of 6 mm for the same alloy composition 

by casting from a Quartz vessel into a water-cooled copper mould.̂ ^̂ ^̂  Such discrepancies 

between laboratories for this particular alloy may be due to a number of variables. One such 

variable could be the purity of the initial charge material. The purity of starting materials used by 

Park and Kim are similar to those used by Senkov and Scott, i.e. 99.9 wt.% purity materials in 

all cases. In the case of the current work, raw materials of inferior purity (i.e. industrial purity Ca 

99.8 wt% and Ca/Mg 99.8 wt%) were used, with the major impurity found to be sodium; this is a 

typical impurity in the electrolytic processing of calcium.̂ ^^^^ The presence of sodium may affect 

the glass-forming ability in two ways: either as (i) an atomic addition to the amorphous matrix 

(further employing the 'confusion phnciple'),̂ "^^ or (ii) as a scavenging addition, which removes 

other impurities such as oxygen, hydrogen and carbon from the melt. Generally, the preparation 

and control of such an alloy composition would prove quite difficult due to the reactive nature 

and volatility of the alloy constituents. 

Another likely reason for the discrepancies in the reported data may be the difference in 

experimental conditions which include crucible material, casting temperature and mould cooling 

capacity or configuration. Between groups, there were three different melting crucible materials 

used for casting: graphite, quartz (silica) and molybdenum. In the case of the graphite crucible it 

has been suggested^^^^^ that there may have been a reaction/dissolution between carbon and 

the alloy during melting cycles, which, when compared to other data suggests that carbon at this 

concentration may in fact enhance G FA. In the case of a silica vessel, it was found that there 

was some reaction with or dissolution of the melting vessel walls as Si was an impurity found in 

elemental trace ana l ys i s ,wh i ch would be expected as both Mg and Ca have a higher affinity 

for oxygen than Si. In this case Si may have affected GFA. There have been numerous reports 

in other BMG forming systems where microalloying with small atoms such as carbon or silicon 

can individually, or when used in combination with larger atoms, enhance or reduce the glass-

forming ability of a standard composition.̂ ^® '̂̂ ®®^ 
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As for the molybdenum crucible used in this thesis, molybdenum is considered to be a refractory 

metal and the terminal solid solubility of molybdenum is estimated to be negligible in calcium/̂ ®^^ 

It has also been published that molybdenum does not alloy with magnesium^̂ ®®^ and from 

thermodynamic calculations has a solubility limit of 0.015 at.% in molten zinc at temperatures 

above 575 Trace elemental analysis using EPMA and XRF failed to detect Mo in the as-

cast structure. In this thesis a silica tube was used for transporting the molten metal to the 

copper mould. It was found that no obvious reaction occurs with the tube wall when casting at 

420 °C. Residual alloy left in the feeder tube retained a metallic luster with no discolouration, 

and was easily removed from the tube. There was also no Si detected in the as-cast alloy by 

EPMA or XRF i.e. the reaction time between the melt and tube wall appears to be insufficient. 

There has been little data published concerning the effect of melt superheat immediately prior to 

casting into a copper mould on GFA. As will be revealed later in this thesis (SECTION 4.5.2) melt 

superheat is a critical parameter when aiming to achieve an amorphous structure when copper 

mould casting. In the present work, an as-cast sample of diameters ranging from 2-10 mm 

(Figure 4.10) that entirely filled the mould cavity without premature solidification was achieved 

at an injection temperature as low as 420 °C. In the current work, it is noted that upon cooling of 

the cast sample, Tg was reached by all sections of the mould in less than 2.5 s and an 

equilibrium temperature of -30 was reached after 20 s, as seen in Figure 4.15. It was also 

noted in the same experimental work that through 25mm of solid copper the thermocouple 

reaction upon simply touching the mould with your hands (-36 °C) was seen instantaneously in 

live data acquisition. This would suggest that water cooling a copper mould (as was done by 

Senkov and Scott),̂ ^̂ ^̂  should improve the cooling capacity of the system. 

The volume of copper in the copper cooling moulds will also affect the cooling/quenching ability 

of a system, as well as the dimensions of the mould cavity. The moulds used in all three works 

have similar dimensioned cavity angles/step sizes and step lengths per increase in 

diameter/thickness, although the mould used by Park and Kim^̂ ^̂ ^ to achieve an amorphous 

thickness of 15 mm has a much larger starting and finishing diameter. With respect to a conical 

or graduated/stepped mould, a longer mould will give a different result to a shorter one due to 

the cooling effects of the sections immediately above and below a particular diameter. 

Generally, a longer mould would be expected to give a more accurate result as it is closer to an 

infinitely long section of that diameter or thickness. 
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4 . 5 . INJECTION DIE CASTING OF CAESMG^SZNSO B M G 

In this section of tiie thesis, the original 3.15 x 7 x 125 mm rectangular copper mould used in 

SECTION 3.7 (Figure 3.25) to produce MgegCuasYio BMG bars was modified to fit the new 

induction-heated injection die casting unit. Here, a similar methodology to that used previously 

was employed to create multiple identical sized samples of the CaesMgigZnao BMG alloy. The 

three principal variables studied in this part of the work were: (i) melt temperature; (ii) injection 

pressure/velocity, and (iii) pressure relief. The melt injection temperature was found to 

determine both the viscosity of the molten metal and the degree of crystallinity of the casting, 

whereas the injection pressure determined the molten metal flow front velocity and velocity at 

the mould gate. The pressure relief was used to determine the maximum pressure achievable in 

the melt chamber, hence, the pressure at which the solidifying sample is held whilst cooling. 

4.5.1 Experimental Procedure 

The preparation of molten CaesMgisZngo alloy was carried out using the melting sequence 

described in SECTION 4.3 and casting methodology of SECTION 4 . 1 - (ii) INJECTION CASTING. On 

the final melting cycle, the alloy was cooled to the desired casting temperature, the copper 

mould was attached to the die-casting unit and the charge material injected into the mould at 

the desired overpressure to obtain the sample. Incremented temperatures in the range 410 -

600 °C and injection pressures in the range 1.5 - 2.2 Bar were used to produce samples of 

rectangular cross-section 3.15 x 7 mm and lengths up to 125 mm using the methodology 

described in SECTION 4.2 for injection casting. Relief pressures of 0.5-1.0 Bar were used in a 

number of preliminary experiments to determine its effect on surface quality and mould wall 

replication. The range of temperatures and pressures used in this part of the thesis together 

with length and sample density results are given in Table 4.2. The composition of the as-cast 

bars was determined to be CaesMgisZngo ±0.22at.% by EPMA. Similar to the Mg-base BMG, 

samples were analysed for the presence of crystalline phases by XRD. 



Table 4.2: The range of casting temperatures and pressures used for casting Ca65Mgi5Zn2o samples and the corresponding results. 

CASTING TEMPERATURE ( X ) 
410 420 430 440 450 460 470 480 490 500 510 525 550 600 

p 
2.2 

L = 125mm 

DN = 99.1% 

L = 125mm 

DN = 99.8% 

L = 125mm 

DN = 99.8% 

R 
E 
Q 

2.0 
L = 112mm 

DN = 95.2% 

L = 125mm 

DN = 96.1% 

L = 125mm 

DN = 97.8% 

L = 125mm 

DN = 99.1% 

L = 125mm 

DN = 99.1% 

L = 125mm 

DN = 99.3% 

L = 125mm 

DN = 99.4% 

L = 125mm 

DN = 99.4% 

L = 125mm 

DN = 99.8% 

L = 125mm 

DN = 99.8% 

L = 125mm 

DN = 57.6% 

L = 125mm 

DN = 45.8% 
w 

s 
u 

1.8 
L = 111mm 

DN = 94.9% 

L = 125mm 

DN = 96.7% 

L = 125mm 

DN = 98.5% 

L = 125mm 

DN = 99.4% 

L = 125mm 

DN = 99.7% 

L = 125mm 

DN = 99.8% 

R 
E 1.6 

L = 125mm 

DN = 99.1% 

L = 125mm 

DN = 99.3% 

(BAR) 
1.5 

L = 108mm 

DN = 94.1% 

L = 125mm 

DN = 96.0% 

L = 125mm 

DN = 98.0% 

L = 125mm 

DN = 99.1% 

L = 125mm 

DN = 99.1% 

L = 125mm 

DN = 99.7% 

L = 125mm 

DN = 99.8% 

Key: L = sample length DN = casting density % (with respect to the density of a fully dense casting). 
Light grey regions indicate incomplete mould filling; dark grey regions indicate a partially crystalline microstructure (by XRD). 
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4.5.2 Effect of Injection Temperature on As-Cast CaesMgigZngo Samples 

For the current setup, injection temperature was considered to be the determining experimental 

parameter with respect to obtaining an amorphous structure. The highest temperature at which 

the CaesMgisZngo bars were cast was 600 °C. Here it becomes apparent that in the case of the 

CaeslVlgisZnso BMG that the casting temperature TCAST affects the internal structure of the as-

cast samples. It is quite obvious from both the XRD patterns in Figure 4.17a) and the observed 

fracture surface seen in Figure 4.17b) that this particular sample displays a crystalline core. 

Injection temperatures were dropped until a critical injection temperature was found at which a 

completely amorphous structure was achieved at a thickness of 3.15 mm. From these results, 

the critical casting temperature for obtaining an amorphous structure was found to be 525 °C, 

where the amorphous structure was confirmed by XRD and showed no crystallite diffraction 

peaks in the X-ray spectra. 

a) 

ill > 

m 
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Figure 4.17: a) X-ray Diffraction patterns taken from the centre regions of the 3.15 x 7mm as 
cast bars and fracture surfaces of samples cast at b) 600 °C showing a crystalline interior and 
thin amorphous skin, c) 550 °C showing a crystalline interior and thick amorphous skin and d) 
525 °C showing a highly reflective homogeneous amorphous structure throughout its cross 
section. 

This behaviour cannot be explained in terms of Eqs. (3.3) and (3.6), since they only describe the 

cooling rate near or at the casting/mould interface. The reasoning behind this type of behaviour 

can only be explained by (i) an excessive thermal gradient within the mould; (ii) a significant 

thermal gradient within the casting itself, or a combination of the two.̂ ^̂ ®̂  Considering that the 
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thermal conductivity of copper is approximately four times greater than that of any of the alloy 

constituents used, and the volume of the copper mould is much greater than the volume of the 

casting, it far more likely that there is a significant thermal gradient within the casting, which 

would explain the transition from an amorphous skin to crystalline core. 

This information suggests that, particularly at higher casting temperatures, the thermal 

conductivity of the casting is also a determining factor in producing a fully amorphous structure 

of a given thickness Z. So, assuming that the copper mould retains a constant temperature 

{TMOULD), which was validated by the reasoning above, the fact that when casting well above Ti 

(in this case 243 °C superheat) the temperature gradient within the casting will affect its 

structure. Figure 4.18 gives a representation of such a cooling event from the centre of a BMG 

(Z/2) where interface resistance is dominant, where at; t = 0,Tz/2 = TCAST-

COPPER 
MOULD 

To 

VITREOUS 
SOLID 

X 

LIQUID 

g 

Figure 4.18: A representation of the temperature distribution within a BMG casting during 
cooling with a predominating interface resistance. 

The numerical analysis of the system can be further simplified by approximating the 

temperature profile within the cooling casting as a linear function, the heat flux at the 

casting/mould interface can be given as: 

/ J T^Zll ^MOUW 
q =k— ; 
^ Z / 2 

(4.5) 
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Also, for the interface: 

(4.6) 

Equation (4.5) is Fourier's law of conduction, where k is the heat transfer coefficient of the 

casting and Eq. (4.6) is Newtons law of cooling, a modified version of Eq. (3.3), where 

The surface temperature Ts, can be eliminated by combining Eqs. (4.5) and 

5) [229] ij^g^j. temperature profile, the flux at the mould/liquid interface can be 

expressed by:̂ ^̂ ®̂  

T _ T 
/ _ ^ Z/2 ^ MOULD 

i/h + Z/2k 
(4.7) 

The effects of the internal temperature gradient due to the heat transfer co-efficient of the BMG 

are depicted in Figure 4.19 for a sample cast at 7/ and a sample cast well above 7), where the 

dotted red lines are representative of the cooling rate at the centre of the casting (Z/2) given by 

Eq. (4.7), and the solid red line is representative of the cooling rate at the sample surface (at the 

mould/casting interface), given by Eq. (4.6). 
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Figure 4.19: A representation of the effect of casting temperature on the cooling rate of a BMG 
casting between the mould wall and the centre of the casting. 
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As indicated by the solid blue lines, it can be seen that the cooling rates at the surfaces of both 

castings are greater than those at their interiors. However, for the sample cast at the higher 

temperature, the time taken for the casting to reach Ti is extended by Ar^2, indicating an 

increase in the temperature gradient within the sample. Now, the average cooling rate of the 

sample cast at an elevated temperature can be represented by the dashed blue line in Figure 

4.20, which is lower than that of the sample cast at 7/. Here it can be seen that the greater the 

casting temperature, the greater the value of M m , and the lower the sample cooling rate, as 

indicated by the results in Figure 4.17. It is also important to note that the thermal conductivity 

of metals (not a constant) decreases from room temperature to liquidus temperature by 10 -

2qo/̂  [290] jg expected to further hinder cooling at the centre of the casting (Z/2). 

As a molten metal flows into a mould, it cools at a rate determined by a number of processing 

variables and physical characteristics. As discussed in SECTION 3.7.3, it was found that 

temperature determined the viscosity of the BMG as it flowed, with viscosity in turn affecting the 

maximum achievable sample length. An example of this for the Ca65Mgi5Zn2o alloy is shown in 

Figure 4.20. Also visible in Figure 4.20 is a solidified reverse meniscus at the end of the 

sample, which indicates that immediately prior to solidification, the fluid flow front within the 

mould cavity was indeed uniform and stable, again highlighting the advantages of the inverted 

casting technique for BMG production. 

Figure 4.20: A Ca65Mgi5Zn2o BMG sample cast at 410 °C and 2 Bar showing failure to 

completely fill the mould cavity. 

For the CaesMgigZnso alloy, the critical casting temperatures {Tc) for filling the entire length of 

the mould cavity were found to be 410 °C for an injection pressure of 2 Bar, 420 °C for a 

pressure of 1.8 Bar and 430 °C for an injection pressure of 1.5 Bar. 
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4.5.3 Effect of injection PressureA^eiocity on As-Cast Ca65l\/Igi5Zn2o Samples 

A majority of flow-related casting defects are caused by either trapped gases or premature 

solidification. In ideal circumstances, the liquid metal should displace the cavity gas ahead of 

the flow front as the cavity fills without creating gas pockets or sealing the vents before the gas 

escapes. As described in SECTION 3.7.3, the fluid velocity is prescribed at the entrance to the 

runner (silica tube) and the pressure boundary conditions on the free surface depend on the 

rate at which the excess gas escapes through the mould vent and the fluid flow behaviour can 

be determined by the associated Reynolds Number (Eq. 

In the case of BMGs, where cooling rates are quite high, high gate velocities must be utilised to 

achieve complete cavity filling, as depicted in SECTION 3.7.3. Excessive gate velocities when 

combined with rapid cooling rates can lead to defects such as a hollowed structure or cold shuts 

which reduce the structural integrity of the casting. By varying the injection pressure of this set 

up, the ideal fluid velocity could be determined such that a stable fluid front was achieved and a 

structurally sound sample produced. 

Samples cast at lower temperatures and pressures tended to develop a higher number of 

defects such as cold shuts and voids and these samples generally had a poorer surface finish 

and did not replicate mould details such as sharp square corners (Figure 4.21). Here, cold 

shuts were generated where a section of the cast metal solidified before reaching the walls of 

the mould creating a surface; the advancing molten metal from another section of the casting 

'back fills' over this original surface, although it does not bond to it very well. What is left is a 

poorly bonded skin of low structural integrity that flakes away from the main body of the casting, 

revealing the surface that had solidified first. Cold shuts and porosity were more common at the 

ends of samples cast at lower temperatures and pressures (nearest the mould vent), which 

would be an expected result as this is the first part of the casting to solidify and has to travel the 

furthest distance in the mould. 

Figure 4.21: A sample cast at 450 and 1.5 Bar showing poor mould wall replication and the 

generation of cold shuts and porosity. 
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As discussed in SECTION 3.7.4, rapidly solidified alloys may form an inhomogeneous metal layer 

on the surface of a die casting when the alloy flows rapidly in contact with a mould wall, and that 

this layer generates a surface warping defect This also appears to be the case with the 

Ca65Mgi5Zn2o alloy, as shown in Figure 4.22. 

Figure 4.22: Rapid freezing of the metal in contact with the copper die showing the creation of 
striations on the surface of sample surface (casting conditions were 490 °C and 1.8 Bar). 

In order to compare casting conditions of the Ca-base BMG to the Mg-base BMG in terms of 

fluid velocity, calculations were made using the amount a pressure Pr required to move a 

known mass of fluid a specified distance to the mould gate using:̂ ^®^̂  

P,=P,+pgh (4.8) 

where P^ is atmospheric pressure, p the density of the liquid metal, g the acceleration due to 

gravity and h the height that the molten metal has to be raised in the silica tube. Using ideal 

gas theory (assuming argon behaves as an ideal gas), knowing the pressure of the gas supply 

(injection pressure) and using atmospheric pressure as an initial boundary pressure, the mass 

flow rate, M of the argon gas (neglecting tube wall friction) into the chamber may be calculated 

using: .[292] 

M P2-P1 
RT 2 

+ 
M p 

(4.9) 

By knowing the amount of pressure required in the chamber to move the charge mass a 

required height and being able to calculate the mass flow rate for a given injection pressure, the 

time taken to raise the required charge can be calculated. From these times, the maximum 

expected velocity of the fluid front, VMAX, in the silica tube at the mould gate could be calculated. 

Losses associated with the tube entrance, can be calculated for a given injection pressure by 

using a discharge coefficient, Co, where the corrected velocity vf can be found using:̂ ^®^̂  

Vp = CnV D^MAX (4.10) 
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where 

— + e 
P 

-Yi 
(4.11) 

where P is the velocity distribution factor for the cross section, which is approximated as unity 

for turbulent flow, and ej the friction loss factor for a sudden contraction is given as:̂ ®̂"̂ ' 

e^ = 0.5 (4.12) 

where As and AL are the cross section areas of the smaller and larger sections in the fluid 

circuit, respectively. This value is further corrected by a ratio associated with the type of 

entrance to the restriction (RESTRICTION TYPE 1 for entry into the silica tube), as shown in Figure 

4.23a). 

a) RESTRICTION TYPE 1 RESTRICTION TYPE 2 

eu sharp = 2 Sf _ 
Bf, sharp 

Figure 4.23: Entrance loss coefficients ratios for a) a protruding tube and b) a beveled edgeP^^^ 

Finally, the approximate velocity of the flow front upon entering the mould was determined by a 

traditional conservation of fluid volume approach, i.e. AjV^ = A2V2 with respect to the decrease 

in channel cross section area. Discharge coefficient corrections for the restriction at the mould 

gate were made in a similar manner to that discussed above (RESTRICTION TYPE 2, as shown in 

Figure 4.23b) to give the final velocity of the liquid entering the mould cavity. An example of 

these calculations is given in APPENDIX F. 

4.5.4 Effect of Relief Pressure on As-Cast CaesMgisZrizo Samples 

An additional parameter investigated in the production of Ca65Mgi5Zn2o BMG samples was relief 

pressure. As a safety precaution and a control measure, a pressure relief valve was fitted to the 

injection chamber. In the casting trials, it was found that higher injection pressures resulted in a 

build up of pressure in the injection chamber once the mould vent becomes sealed by the 
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solidifying/ progressing metal. In the case of excessive pressure build up, particularly at higher 

injection temperatures, the mould was found to experience either complete or partial 'blow 

through', whereby the entire charge is ejected through the mould vent leaving either an empty 

mould or a thin solidified hollow shell. By limiting the maximum chamber pressure to 1 Bar, this 

blow through effect was more easily managed. Experimental work was also carried out by 

varying the relief pressure between 0.5 and 1 Bar. It was found that a higher relief pressure 

generated a higher quality sample with a more desirable surface finish. Such an effect is 

thought to be due to a type of high temperature extrusion/compaction process. The supercooled 

liquid may remain a viscous fluid (governed by Eq. (2.8)) to quite low temperatures (as low as 

Tg is theoretically possible), so, by applying a force in the form of gas pressure to the casting 

whilst it is in this state, may result in further consolidation of the casting. 

By integrating Eq. (4.6) with respect to time and temperature and determining the interfacial 

heat transfer coefficient h from SECTION 4.4.2, the expected cooling curves of the sample 

surface for a given injection temperature were calculated (example given in APPENDIX G). Again, 

by using Eq. (4.9) to determine the initial mass flow rate into the chamber for a given injection 

pressure, using ideal gas theory and the variation of mass flow rate with increasing chamber 

pressure, it is possible to calculate the increase in chamber pressure over time (example 

calculations are given in APPENDIX H). Figure 4.24 shows the surface cooling curves for a range 

of injection casting temperatures and the increase in pressure in the injection chamber (due to 

sealed vent) with respect to time, which is relieved once it reaches 1 Bar. By reiterating that the 

SCL is still capable of flowing at temperatures as low as Tg, the effect of injection pressure on 

the consolidation of the sample once the mould vent is sealed is depicted in Figure 4.24. 

Using XRD data, it was determined that casting should be carried out at injection temperatures 

below 525 °C to produce fully amorphous samples. It was also determined that below 410 °C 

the tendency of the casting to entirely fill the mould cavity is reduced (due to viscosity effects). A 

small, fully dense sample of CaesMgisZngo BMG was measured for density using Archimedes 

method. From these results, each casting was weighed, and with respect to the expected 

volume (i.e. the mould cavity) was also measured for density. From this work, a contour style 

processing map (contours represent sample density in percent with respect to expected density) 

was developed (Figure 4.25), which provides information on the optimum casting conditions for 

generating amorphous, high density CaesMgisZngo BMG samples of dimensions 3.15 x 7 mm 

and a length of 125 mm. 
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Figure 4.24: Calculated cooling curves for a range of injection temperatures and the incn 
pressure in the injection chamber with respect to time (limited to 1 Bar by pressure relief). 
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Figure 4.25: Contour style processing map for providing information on the optimum casting 
conditions for generating amorphous, high density Ca65Mgi5Zn2o BMG samples of dimensions 
3.15x7x 125 mm. 



SECTION 4 - PRODUCTION AND PROPERTIES OF A CB-BASED BULK METALLIC GLASS 

It should be noted that the inability to achieve 100% density is likely due to surface 

imperfections and mould wall replication rather than sample porosity, which became evident 

upon further processing of the material. 

It can be seen in Figure 4.25 that the desirable processing window is reasonably large and a 

sound casting is expected for a range of processing parameters. The maximum density of a 

sample achieved was 99.84% of the theoretical density using an injection temperature of 510 °C 

and pressure of 2.2 Bar. Based on this diagram, the optimum combination of melt temperature 

and casting pressure to generate a sound casting is 485-510 °C and 1.9-2.2 Bar. 

It is interesting to note that the injection velocity range is almost identical to that of the 

favourable casting region for MgesCugsYio (SECTION 3.7). It is also important to note that the 

variation in densities of these samples is much smaller than in the previous work, indicating a 

considerable improvement in the injection process (i.e. these results lie within the top 4% of 

sample density measurements as opposed to the top 50% in magnesium work shown in Figure 

3.32). The processing map shown in Figure 4.25 for casting CaesMgisZngo BMG samples of 

dimensions 3.15 x 7 x 125 mm was successfully utilised to consistently produce a large number 

of BMG samples for further testing and analysis, as shown in Figure 4.26. 

Figure 4.26: A number of Ca65Mgi5Zn2o samples produced using Figure 4.25 (some of these 
samples have been sectioned for structural analysis). 
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4 . 6 . ELEVATED TEMPERATURE MECHANICAL BEHAVIOUR 
OF THE CAESMG^SZNSO B M G 

A characteristic feature of BiVIGs is the dramatic decrease in viscosity at temperatures above 

the glass transition temperature (J^); this behaviour is usually explained by the transformation 

of the glassy state into a supercooled liquid stateJ^®°' This part of the thesis describes the 

elevated temperature flow behaviour of the Ca65Mgi5Zn2o BMG under uniaxial tension using the 

standardised tensile test samples shown in Figure 4.27. The data generated from these tests 

allowed the development of deformation maps with respect to temperature and strain rate which 

enabled the identification of specific deformation behaviour (of particular interest, Newtonian 

flow behaviour) over a range of testing conditions. From an engineering viewpoint, the 

identification of such deformation conditions in the CaesMgisZnao BMG is beneficial for future 

applications of such materials since superplastic forming to generate intricate shaped 

components is likely to be an important method of fabrication. 

4.6.1 Experimental Procedure 

Ca65Mgi5Zn2o BMG samples of dimensions 3.15 x 7 x 125 mm were prepared using the 

repetitive die casting technique described in SECTION 4.5. Due to the low ductility of the alloy at 

ambient temperature, tensile test samples (dimensions: 12.3 mm gauge length and 3 mm 

diameter) in accordance with ASTM E8-04 were produced using the grinding technique 

described in SECTION 3.8. Figure 4.27 shows a series of samples ready for tensile testing. 

Figure 4.27: Ca65Mgi5Zn2o BMG tensile samples produced using the grinding technique 

described in SECTION 3.8. 

In conjunction with this work, the thermal properties of the BMG were determined DSC at a 

heating rate of 5 °C/min. Isothermal DSC measurements were also carried out at various test 
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temperatures for providing an indication of the maximum duration of tensile testing prior to the 

onset of crystallisation (Figure 4.14). 

Due to the reactive nature of the BMG at elevated temperatures, tensile samples were 

subsequently deformed whilst submerged in silicon oil using an MTS 810 servo-hydraulic testing 

machine equipped with a 1 kN load cell. Figure 4.28 shows a schematic representation of the 

experimental apparatus used for both constant strain and constant load tensile testing. A K-type 

thermocouple was positioned in close proximity to the specimen to monitor the temperature at 

the specimen surface. The chamber was preheated prior to mounting the specimens to 

minimise heat up time. Since 7g is not a unique physical property of the glass but rather a rate 

dependent kinetic quantity, the heating rate of the specimen was kept constant at ~5 °C/min 

after reaching 90 °C. Tensile testing commenced at a given temperature only after the sample 

test temperature was stabilised for ~2 min. Tensile testing was carried out by two methods: (i) 

constant strain rate (10'^ to 10"̂  s"̂ ) testing at constant temperature (105 to 120 °C) and (ii) 

constant load (20 to 50 N) testing at a heating rate of 5 °C/min. Over fifty tensile test samples 

were fabricated with testing repeated up to four times in some cases in order to obtain reliable 

and consistent data. 
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D R A I N A G E T U B E 
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Figure 4.28: Schematic representation of the apparatus used for constant strain and constant 

load tensile testing of Ca65Mgi5Zn2o BMG samples. 
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4.6.2 Constant Strain Rate Tensile Testing 

The tensile deformation behaviour of the CaesMgisZngo BMG within the supercooled liquid 

region (105 to 120 °C) was examined at constant strain rates ranging from 10'̂  to lO'"* s ' \ The 

maximum strain to failure of these samples was in excess of 590 % with most samples failing at 

around 200 % strain due to the onset of crystallisation. 

Isothermal annealing DSC experimental results carried out at temperatures ranging from 110 to 

135 (Figure 4.14) were used to determine the allowable time frame for tensile testing before 

the onset of crystallisation. Using this data, it had been observed that when the CaesMgisZngo 

BMG is held at temperatures at 125 °C or greater, the onset of crystallisation is quite short. In 

fact, these times were shorter than that needed to stabilise the sample temperature and 

commence testing. This suggests that only half of the SCL region is of practical use in low 

strain-rate laboratory testing or for manufacturing components if a fully amorphous structure is 

to be retained. Consequently, constant strain rate tensile testing was carried out at 

temperatures from 105 to 120 °C in increments of 5 °C. 

Table 4.3 gives various test results, including flow stress (Oy), maximum strain or elongation 

î MAx) as a percentage of the original gauge length, test time to failure {tfAiL) and the time delay 

of the crystallisation stress response (Afe) for the samples that reached the expected 

crystallisation onset time. With the exception of a single sample, all samples failed in either a 

brittle type manner with elongations <2.3% or continued to flow plastically until failure. The 

failure mechanism of the sample tested at 105 °C and 1x10"^ s"̂  is likely to be an extreme 

example of non-Newtonian flow, which would be expected since the test temperature is so close 

to Tg. Both brittle and non-Newtonian flow regimes are marked in Table 4.3 as dark grey and light 

grey, respectively, with the other values indicating Newtonian flow conditions. 

For some samples that flowed in a homogeneous, plastic manner, there was a stress overshoot 

similar to other BMG systems.̂ ®®'̂ "̂ ^̂  This is typical indication of non-Newtonian flow 

conditions.̂ ®®'̂ ® '̂̂ "̂ ^̂  Beyond this overshoot, there was a considerable decrease in stress to a low 

equilibrium value. The flow stress of a given sample was determined using the methodology 

described in APPENDIX C. The strain-induced softening phenomenon after an initial peak stress is 

explained by an increase in free volume of the amorphous structure and the generation of shear 



Table 4.3: A summary of tensile test conditions and their corresponding results for the CaesMgigZngo BMG. 

CONSTANT STRAIN RATE (s"") 
1x10"^ 7.5x10^ 5x10^ 2.5x10^ 1x10"^ 

<Tp = 14.3MPa Op = e.SSMPa Op =5.25MPa Op =3.10MPa Op =1.01MPa 
Of = S.SOMPa Of= 5.79MPa Of = 4.56MPa Of = 2.42MPa I.OIMPa 

120 £ M A X = 180% €M A X = 2 1 6 % ^MAX = 258% SMAX = 132% £MAX =46% 

TFAIL =27min TFAIL =48min t f A i L =69min TPAIL =79min TPAIL =68min 

T - - ATXD =10min ^FXD =3min ^TXD <1min 
E ap =21.0MP£t Op - 20;5MPa Op = 12.3MPa Op =6.61MPa Op =3.52MPa 
M • • Of =10.6MPa Of - 5.65MPa Of =3.19MPa 
P 
c 115 ^ =2.12% £MAX =2,24% €MAX =294% £MAX =146% £MAX =59% c 
R 
A 

- • . ' • TPAIL =95min t p A i L =94min TPAIL =94min 
c 
R 
A - y AtxD =17min ^ho =11min HTXD =5min R\ 

T CTP =21.3MPa Op = 20.5MPa Op = 26.2MPa Op = 15.8MPa Op = 10.6MPa 

U . - Ĉ  =23.1MPa Of = 14.1MPa Of = 10.2MPa 

R 110 ^ =1.44% =1.49% £MAX =598% EMAX =346% SMAX =134% 
E • -: • • TFAIL =204min iFA/L=231min tfML =225min 

( X ) 
ATXD =102min AixD =95min ^TXD =81min 

( X ) 

105 

Op =r27.3MPa 

£MAX =1.21% 

Op =24.6MPa 

Of = ~24.6MPa 

£MAX =15.8% 

a p = peak stress (Jf= flow stress £max= maximum strain [tpAiL) = time to failure 

Î txD time delay of the crystallisation stress response. Brittle failure and non-Newtonian flow regimes are marked in dark 
grey and light grey respectively, white cell values indicate Newtonian flow conditions. 
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4.6.3 Effect of Deformation Temperature on Flow Behaviour 

As discussed in SECTION 3.9.3, plastic deformation of a metallic glass occurs by two principal 

modes:̂ ^^ '̂̂ ^^^ (i) inhomogeneous at low temperatures, where flow is unstable due to 

progressive softening of the material and at higher temperatures, leading to an intrinsically 

brittle type failure and (ii) homogeneous deformation, whereby each volume element of the 

material undergoes the same strain. The latter generally generates exceedingly large 

elongations during tensile deformation. Typical results at a strain rate of 5x10"^ s for 

temperatures from 110 to 120 °C are shown in Figure 4.29. A distinct increase in initial flow 

stress {Of) is evident as the test temperature is decreased for a given strain rate (see Table 4.4) 

which is analogous to the increase in viscosity of the supercooled liquid, as described by the 

general VFT equation (Eq. (2.8)). 

1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 
S T R A I N 

Figure 4.29: The effect of temperature on flow behaviour on samples strained at 5x10'"^ s'^ at 
temperatures ranging from 110 to 120 °C. 

Figure 4.30 shows the change in flow stress as a function of temperature for all strain rates: 

non-filled data points represent Newtonian flow conditions and filled data points represent low 

temperature inhomogeneous region where brittle fracture occurs. It can be seen that a distinct 

change in slope of each curve occurs on approaching the non-Newtonian flow regime. In the 

homogeneous deformation zone (both Newtonian and non-Newtonian), samples deformed to 

elongations greater than 200 %, which was generally limited by the onset of crystallisation. 
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Figure 4.30: Effect of deformation temperature on the flow stress of the Caesf^/tgi^nso BMG at 
various strain rates. 

4.6.4 Effect of Strain Rate on Flow Behaviour 

It was observed early in the investigation that the CaesMgisZngo BMG was highly strain rate 

sensitive with the maximum applied strain rate achievable within the given temperature range 
3 1 

being 1x10' s" . This strain rate is quite low when compared to elevated temperature 

deformation other BMG s y s t e m s H e n c e , for this work, strain rates ranging from 1x10"^ to 

1x10'"̂  s"̂  were used for tensile testing. An example of the effect of strain rate on both peak 

stress and flow stress is given in Figure 4.31 for samples tested at 120 °C. 

1x10 ' / s 

5 x 1 0 ^ 3 
2.5x10^/s 
I x lO^ ' /s 

1 1 1 1— 1 1 1 f— 
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

STRAIN 
2.2 2.4 2.6 

Figure 4.31: Effect of strain rate on flow behaviour on tensile samples held at 120 °C strained 
at 1x10'^ to 1x10 " s". c4 -1 
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The flow behaviour in the SCL region was examined with respect to flow stress and strain rate. 

The flow stress data obtained from constant strain rate testing is plotted in log/log format in 

Figure 4.32. Similar to the Mg-base BMG, there is a distinct linear relationship between log 

flow stress and log strain rate at all test temperatures for part of the data range. Using Eq. 

(2.30), the slope of each data portion gives the strain-rate sensitivity (m) within this test region. 

For the Ca-base BMG, m-values of unity were calculated for some test conditions, indicating 

Newtonian flow behaviour, as indicated in Figure 4.32, along with non-Newtonian flow and 

brittle fracture zones. 
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Figure 4.32: Flow stress for Ca65Mgi5Zn2o BMG samples tested from 105 to 120 °C plotted over 
strain rate In log-log format, Indicating the strain-rate sensitivity exponent m. 

The m-value is close to unity for a large portion of the data set, suggesting that flow remains 

close to Newtonian conditions at these relatively low strain rates. However, a transition from 

Newtonian to non-Newtonian flow behaviour is seen to take place with m-values less than unity 

found at lower test temperatures and higher strain rates. It is also pertinent to note that the 

range of experimental data with respect to strain rate is quite narrow compared to the Mg-base 

BMG (SECTION 3.9) and BMGs investigated elsewhere,̂ ^®'®®'̂ "̂ ^ further highlighting the sensitivity 

of the CaesMgisZngo BMG to brittle failure. Table 4.3 shows that samples tested at 120 and 

strain rates of 1x10'^ s'"* and 7.5x10"^ s'̂  exhibit much smaller elongations prior to failure than 
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might be expected, which was due to localised necking during testing. This is believed to be due 

to parameters pertaining to non-Newtonian flow conditions, whereby material flow is not entirely 

homogeneous throughout the entire sample, rather, flow is concentrated locally at a region of 

least resistance, resulting in premature failure. 

As discussed in SECTION 2.6.4, the steady-state flow stress can be prescribed according to the 

transition state theory of flow stress, where the relation between Of and e under a uniaxial 

loading conditions is given by Eq. Using this relation, the viscosity as a function of 

strain rate for a particular temperature is given in Figure 4.33, which exemplifies the strain-rate 

dependence of the viscosity at various temperatures. As discussed in detail in SECTION 2.6.4, 

this effect is believed to be due to either a change in the material free volumê ^®^̂  or concurrent 

crystallisation of the material,̂ ^®"̂ ^ both of which alter the intrinsic plastic flow properties of the 

material. It can be seen in Figure 4.33 that the viscosity in the SCL region is strain-rate 

independent (Newtonian flow) for low strain-rates and temperatures in the range 115 to 120 °C. At 

both low deformation temperatures and high strain rates, viscosity becomes strain-rate 

dependent, indicating that the deformation mode changes from Newtonian to non-Newtonian flow. 

This behaviour is similar to the Mg-base BMG described in SECTION 3.9.4 and the ZrgsAlioNiioCuis 

and LassAlaoNias BMGs studied by Kamawura et al. seen in Figure 
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Figure 4.33: Calculated viscosity of the Ca65Mgi5Zn2o BMG samples tested from 105 to 120 °C 
plotted overstrain rate in log-log format. 
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4.6.5 Flow Characterisation using the Free Volume 

Free volume is defined as excess volume owing to the disordered state of an atomic 

configuration (see section 2.6.4). In this model, plastic deformation is attributed to atomic jumps 

into neighbouring holes or flow defects that exceed a critical size, to accommodate strain. 

Uniaxial flow behaviour of a metallic glass may be described by Eq. (2.34).̂ ^®°̂  Both the 

activation volume and frequency factor for given deformation temperature were calculated from 

the experimental values of flow stresses and strain rates using Eq. (2.34) and the results are 

given in Table 4.4. A typical example of the method used to calculate these values is given in 

APPENDIX D. 

Table 4.4: Activation volume and frequency factor of the CaesMgigZngo BMG obtained from 
experimental data fitted to Eq. (3.15). 

Temperature (°C ) y (nm^) 

110 3.31x10"^ 0.170 
115 1.28x10"^ 0.091 
120 4.92x10"^ 0.031 

Similar to the work described in SECTION 3.9.5, it can be seen that an increase in temperature 

results in an increase in the frequency of elementary defect jumps with a corresponding 

decrease in the activation volume involved per atomic jump (V). However, it can be seen that 

the activation volumes associated with free volume generation are significantly smaller within 

the SCL region, which is related to the low flow stresses observed at such low strain rates, due 

to the strain rate sensitivity of the Ca65Mgi5Zn2o BMG. These results indicate that activation 

volume may be a limiting factor with respect to plastic deformation, perhaps dictating the strain 

rate sensitivity of a material, and the brittle fracture strain rate limits. 

Equation (3.17) was used to construct the viscosity master curve for the alloy whereby 77/7^ 

is plotted as a function of a f V l l S k ^ T in Figure 4.34 for all homogeneous flow data 

(example shown in APPENDIX D). A normalised viscosity of unity indicates Newtonian flow with 

respect to the free volume model. The master curve shows that Newtonian flow in the 

supercooled state occurs at higher temperatures and lower strain rates. The decrease in 

normalised viscosity at higher strain rates, analogous to Figure 4.33, indicates a transition from 

Newtonian to non-Newtonian flow. 
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Figure 4.34: Master curve of normalised viscosity for the Ca65Mgi5Zn2o BMG constructed using 
Eq. (3.17) 

It is also clear that the small range of strain rates and temperatures tested results in normalised 

viscosity values much closer to unity than those seen in the Mg65Cu25Yio BMG (a difference 

over an order of magnitude), although there is a clear transition apparent at this scale for the 

experimental data. 

4.6.6 Determination of Fragility using the VFT Equation̂ ®® 

Using the same method described in SECTION 3.9.6, viscosity data generated from the tensile 

test data was fitted to the VFT equation - Eq. (2.8), seen in Figure 4.35. Due to the small 

temperature range over which Newtonian flow was observed (120 - 115 °C), a single non-

Newtonian viscosity point (indicated by the colour filled data point in Figure 4.35) from data 

generated at 110 °C and a strain rate of 1x10""̂  was used as a reference point to better define 

the viscosity curve in Figure 4.35. Using iterative curve fitting for the constants in Eq. (2.8) it 

was found that r]^ = 3 . 6 x 1 P a . s , To = 249 K and D*= 17.3. As discussed in SECTION 2.3.2, it 

is known that = V^e ^̂ ^ which is the viscosity of the liquid in the high temperature "gas" limit. 

Using this relationship, it was found that 77̂  =2.6x10'® Pa.s, which is a slightly smaller value than 



SECTION 4 - PRODUCTION AND PROPERTIES OF A Ca-BASEP BULK METALLIC GLASS 

that found here using the VFT equation and the viscosity data obtained from experimental 

results, indicating a small degree of discrepancy. 
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Figure 4.35: VFT curve fitted to selected viscosity data obtained using experimental results. 

The alternate form of the VFT equation developed by Busch et that combines the kinetics 

of glass transition to equilibrium viscosity (Eq. (2.10)). Using DSC data to determine the onset 

of Tg and the same mathematical methodology described in SECTION 3.9.6, Figure 4.36 was 

constructed and shows the best fit of Eq. (2.10). The constants were computed to be = 

9.8x10'̂ ® Pa.s, To = 247 K and D*- 16.8; these are comparable to the values determined in 

Figure 4.35. This analysis shows that the CaesMgisZnao BMG has a fragility parameter D* 

between 16.8 and 17.3; with respect to glass fragility, which is a useful means of comparison to 

other glass-forming systems such as those in Figure 2.7b). 
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Figure 4.36: VFT curve fitted to heating rate and Tg onset data using Eq. (2.10). 
[60] 
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4.6.7 Strain Rate Sensitivity and Superplastic Flow Behaviour 

The negligible influence of strain rate on viscosity has an important for practical consequence for 

forming BMGs in the SCL region. The relationship between log stress (Oy) and log strain rate ( £ ) 

in the SCL region for the CaesMgigZnso BMG was shown in Figure 4.32 and can be expressed by 

Eq. (2.30), where the slope of a tangent to the curve for any given temperature data set 

corresponds directly to the strain-rate sensitivity exponent, and an m-value of unity indicates 

ideal Newtonian flowĴ ^̂ """̂ ®^ The m-value also indicates the processing conditions where the 

material can be worked with the highest degree of efficiencyJ^® '̂""® '̂ The variation of the m-value 

in the SCL region with respect to temperature and strain rate is shown in Figure 4.37. The 

method used to construct this map is described in APPENDIX E. 
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Figure 4.37: Variation of the strain rate sensitivity exponent in' with respect to temperature and 

strain rate for the Ca65Mgi5Zn2o BMG. 

It can be seen in Figure 4.37 that the strain rate sensitivity correlates closely with conditions 

pertaining to Newtonian flow (m > 1), non-Newtonian flow (0.3 < m < 1) and brittle failure 

(m < 0.3). It can be seen that these results correspond directly with the boundaries determined 

using the free volume model, thereby supporting the transition state theory for BMGs described 

by Eq. (2.30).̂ ®®^ and its relation to the free volume for the CaesMgisZngo system. 
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4.6.8 Effect of Temperature, Strain Rate and Time on Plastic Flow 

Similar to other BMG s y s t e m s i t was found that an increase in stress often occurs 

during mechanical testing in the SCL region; this behaviour is attributed to temperature-time 

induced crystallisation. With respect to the maximum sample strain, the governing role of the 

crystallisation hardening effect̂ ®̂̂ '̂ ®̂ ^ becomes quite apparent. With the exception of the tests at 

120 °C and strain rates of 1x10 ® s""* and 7 . 5 x 1 w h e r e crystallisation times are not reached 

before failure (indicated by DSC crystallisation curve in Figure 4.38a)), the maximum strain 

achieved by sample was found to be proportional to test time. 

It is pertinent to note that the stress increase due to crystallisation was delayed in comparison to 

the crystallisation onset times of an unstrained sample. This phenomenon has also been 

documented for the ZresAlioNiioCuis/'^^^ La55AÌ2oNÌ25̂ ^̂ ®̂  and Cu54NÌ6Zr22Tii8 BMGs.̂ ®̂̂ ^ It is 

suggested that this time discrepancy in the onset of the stress increase indicates that 

deformation causes a degradation of the crystallisation reaction, namely, deformation-induced 

stabilisation of the supercooled liquid. The mechanism for this deformation-induced stabilisation 

is not clear, although it is suggested that it may be due to the suppression of an incipient-stage 

of the crystallisation reaction and, at the higher strain rates, is due to the rapid increase in flow 

volume during flow deformat ion.Of greatest significance to this work, is a correlation which is 

yet to be reported, that this delay in the onset time (AÌ^D) of this stress increase varies, such 

that a higher deformation temperature reduces AÌXD and a higher deformation rate (strain rate) 

increases A t o , i-©- further stabilises the amorphous phase. Values of Atxo, are documented in 

Table 4.3 and can be seen in Figures 4.38b) to d). 

0.024 

- I 1 r -
40 60 

TIME (min) 

Figure 4.38: a) Stress - Time plot for tensile test samples held at 120 °C strained at 1x10' and 

7.5x10'"^ s\ including static DSC crystallisation curve. 
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Figure 4.38: Stress - Time and static DSC data plots for tensile samples held at b) 120 °C 
strained at 5x10'^ - 1x10"^ s\ c ) 115 °C strained at 5x10"" - 1x10'^ s^ and 6) 110 °C strained at 
5xia's' -1x10's\ 
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4.6.9 Constant Load Tensile Testing 

In a series of experiments, samples were held under constant load conditions at loads from 20N 

to 50N and heated at a constant rate of 5 °C/min as to observe the variation in strain rate within 

the SCL region and beyond. Strain rate variation was taken with respect to the original gauge 

length and the increase in strain between individual data points. The maximum strain rates for 

all three samples were in excess of 1x10'^ s"̂  with respect to the original gauge length and a 

maximum elongation of over 850% was achieved (Figure 4.39). A number of results for 

constant load tensile testing are given in Table 4.5. 

In order to determine the characteristic temperatures Tg (glass transition temperature) and Tx 

(onset crystallisation temperature), DSC scans were performed at a heating rate of 5 °C/min, as 

to replicate the heating rate used in constant load testing. The onset glass transition 

temperature, Tg, and onset crystallisation temperature, Tx, of the alloy was determined to be 

103 °C and 139 °C, respectively, giving a SCL region (AT^ = Tx - Tg) of ~ 36°C which is 

slightly different to those values generated at a heating rate of 20 °C/min. 

20 mm 
Figure 4.39: Sample deformed under a constant load of SON at a heating rate of 5 °C/min. 
showing an elongation to failure in excess of 850%. 

Table 4.5: A summary of constant load tensile test results including initial maximum strain % 
{^MAX), maximum strain rate { ¿ M A X ) , time to failure {TFAN) and temperature at failure {TfAii)-

£MAX ( % ) ¿MAX ( S tpAlL ( m i n ) TFAIL (°C) 

50 853 0.31 10.7 144.2 z 50 853 

G < 40 517 0.27 11.9 145.2 

O -1 20 260 0.10 12.6 146.8 

A plot of instantaneous strain rate between data points for constant load testing is shown in 

Figure 4.40, which also includes the DSC curve for the same temperature interval and heating 

rate (5 °C/min). Figure 4.40 shows extremely low strain rates for all samples at temperatures 
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below Tg, followed by a steady increase through the SCL region up to Tx. Beyond Tx there is a 

further rapid increase in strain rate followed by failure. It is interesting to note that strain rates 

observed between temperatures of 105 to 120 °C are very similar to the strain rate limits for 

constant strain rate tensile testing in the same temperature range. 

0.00001 

80 90 100 110 120 130 140 

TEMPERATURE fC) 

150 160 

Figure 4.40: Instantaneous strain rates between data points as a function of temperature 
(constant load testing). Included in the figure is the DSC curve for the same temperature interval 
and heating rate (5 °C/min). 

Figure 4.40 shows a near linear trend between strain rate, applied load and temperature 

throughout the SCL region, with a slight departure from linearity late in the SCL region. It is 

reasonable to assume that this linear trend is attributed to the decrease in viscosity of the BMG 

as temperature is increased as will be discussed anon. Departure from linearity is most likely 

caused by continuous thinning of the sample, although it may also be a cumulative effect of the 

viscosity decreasing with the increasing strain rate under non-Newtonian flow conditions as 

demonstrated in Figure 4.33. 

At low strain rates, a constant load may be approximated to a constant stress between short 

temperature intervals as the change is cross section of the sample is quite small. The 

equilibrium viscosity of a BMG with respect to temperature is often explained using the VFT 

relation, i.e. Eq. (2.8). It is also know that viscosity in the Newtonian regime may be described 

by flow stress (Oy) and strain rate by Eq. (2.30). 
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By combining Eqs. (2.8) and (2.32) such that: 

Rearranging Eq. (4.13) such that: 

DT^ 
(T-TJ 

(4.13) 

\né = ìn DTo 
(4.14) 

T-To 

O We can see that by plotting In^ over \/T-To will yield straight, parallel lines of gradient D*T, 

and an intercept related to cry, which explains the linear, parallel relationship between the three 

data sets in Figure 4.40 for the SCL region. At higher strains in the SCL region there is a 

deviation from linearity assumed to be due to localised thinning of the samples, although it may 

also be a cumulative effect of the viscosity decreasing with the increasing strain rate as flow 

conditions change from Newtonian to non-Newtonian due to an increase in sample free volume. 

An interesting phenomenon shown in Figure 4.40 is the decrease in the apparent strain rate 

immediately before failure for two of the constant load samples (20 and 40 N); this behaviour 

coincides with the temperature range where crystallisation commences as shown by the 

superimposed DSC curve. It is interesting to note that the sample strained at 50 N does not 

show a decrease in strain rate. The decrease in strain rate is more marked in the sample held at 

20 N and occurs at -143.4 °C which was determined from the inflexion in the 

temperature/strain-rate curve. For the sample loaded at 40 N, such an inflexion is less 

pronounced and occurs at -144.5 °C. It is clear that straining under high constant loading 

conditions (> 40 N) does not result in hardening (increase in stress) needed to reduce the strain 

rate. This behaviour is consistent with the theory of deformation-induced stabilisation of the 

supercooled liquid, whereby assuming strengthening is caused by the onset of crystallisation; 

this transformation is delayed or completely suppressed under the higher loading conditions. 

The results of constant load testing experiments shows that anisothermal, constant load 

deformation generates higher strains and at higher strain rates compared with samples 

deformed isothermally (as shown by the elongation data in Table 4.3 and Table 4.5). Such 

anisothermal straining processes under constant load may be a useful method for drawing or 

forming BMGs as it results in both a higher ductility and shorter deformation/forming times. 
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4 . 7 . CRYSTALLISATION BEHAVIOUR OF THE Ca65Mgi5Zn2o B M G 

4.7.1 TTT Diagram Development 

Again, by using the model developed by Takeuchi et al.̂ ^^ (SECTION 2.4.5) to predict the position of 

the C-curve in a BMG, a TTT diagram was constructed represented by the solid blue line in 

Figure 4.41. Included in the diagram are the liquidus (357 °C) and glass transition (105 °C) 

temperatures (solid red lines) and the onset (dashed black line) and completion (solid black line) 

of crystallisation according to isothermal annealing data (Figure 4.14). Also included in the 

diagram are the cooling curves from the graduated cylinder castings (Figure 4.15) of: (i) the 

amorphous 8 mm diameter section (dotted black line), and (ii) the partially crystalline 10 mm 

section (dashed black line). It can be seen that there is a reasonable correlation between the 

curve predicted by the Takeuchi model and the experimental data, however the model predicts that 

this glass to more stable than the experimental results indicate, which may be due to the presence of 

quenched in nuclei.̂ ^®^̂  The sensitivity of this model may be increased,shifting the C-curve to the 

left to better fit cooling rate data, although this makes the correlation between DSC data poorer. 

400 

i i I I 1 1 1 1 1 1 

1000 10000 

Figure 4.41: Time-temperature-transformation diagram for the CaesMgisZngo BMG including 
cooling curves from the segmented cylinder castings and isothermal annealing data. 
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4.7.2 Electron Microscopy 

In order to determine the amorphous nature of the as-cast CaesMgigZngo BMG, the FIB milling 

technique,^^^^ similar to that used to produce microposts was employed to manufacture a foil 

suitable for TEM analysis. Figure 4.42 shows an SEM backscattered electron image of the 

completed TEM foil prior to lift out. There appears to be no notable contrast eluding to 

nanocrystals within the foil section, however, a nanocrystalline oxide/hydroxide layer at the sample 

surface and (hence along the 'spine' of the foil) is evident. At this stage, it may be tentatively 

assumed that the amorphous structure of the sample (determined using XRD analysis in SECTION 

4.5.2) was retained during FIB processing. 

Figure 4.42: SEM backscattered electron image of the CaesMgisZnso BMG TEM foil produced 

by FIB milling. 

After removing the CaesMgisZngo foil from the FIB the foil was positioned on a copper TEM grid, 

which was inserted into a Phillips CM200 TEM for analysis. Knowing that the sample 

morphology was quite fragile on a macroscopic level with respect to crystallisation, the first 

imaging priority was to obtain a diffraction pattern to prove the sample had an amorphous 

structure. A SAD pattern image was taken immediately upon exposure to the primary electron 

beam which can be seen in Figure 4.43a). The beam current here in hindsight was quite high 

for the sample, resulting in an extremely bright, over exposed image which has since been 

adjusted in order to view some of the more important characteristics of the pattern. 
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Figure 4.43: a) Initial TEM SAD pattern and b) SAD pattern after five minutes exposure to the 
electron beam of the CaesMgisZnso BMG TEM foil produced by FIB milling. 

An image of the exposed foil can be seen in Figure 4.44, showing that crystallisation has 

definitely occurred. Interestingly enough, the grain size at the edge of the foil (thinnest section) 

is much smaller than at the base of the sample, which would indicate some type of cooling rate 

effect related to crystallisation. This would suggest that crystallisation has occurred after foil 

manufacture. This would lead to the assumption that crystallisation in this case was electron 

beam induced (rather than ion beam), which is also suggested by the higher number of 

diffraction spots in Figure 4.43b). 

Figure 4.44: A bright field TEI\/I image of the crystallised Ca65Mgi5Zn2o BMG TEM foil, showing 
a distinct change in grain size from the edge to the base of the foil. 
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At high TEM magnifications, it was observed that the electron beam was melting the sample. 

Even at lower beam currents, the sample material had an appearance similar to boiling water at 

the focal point of the beam. Another interesting phenomenon observed under these 

crystallisation conditions was twinning, which can be seen in Figure 4.45a). Perhaps associated 

with twinning was a grain mirroring phenomenon within the structure, which is evident in Figure 

4.45b). These observations indicate a somewhat complex crystallisation path for the 

CaesMgisZnso BMG under these conditions, which may reflect crystallisation mechanisms in 

bulk, temperature-induced static and dynamic crystallisation, however more work needs to be 

carried out to validate such an assumption, which would prove tedious considering the material 

appears to be highly unstable under a high intensity electron beam. 

Figure 4.45: a) The presence of twinning (red circles) and grain mirroring (blue circles) in the 
microstructure of the Ca65Mgi5Zn2o BMG TEM foil crystallised by the electron beam and b) 
Further magnification of the TEM foil highlighting the presence and size of grains/twins size 
(over 150 nm in this field of view). 

Further enforcing the assumption that crystallisation has occurred under the electron beam of 

the TEM is the size of the crystals shown in Figure 4.45 (some are in excess of 150 nm), which 

one would assume to be resolvable in Figure 4.42 if they were caused by FIB milling. 
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S E C T I O N 5 - G E N E R A L D I S C U S S I O N 

5 . 1 . GLASS STABILITY 

5.1.1 Glass Structure 

The bulk metallic glasses studied to date can be broadly categorised into two atomic size-

composition classes.̂ '̂ -̂̂ ^®^^ The first BMG class, which is the least common among BMGs 

includes alloys with midsize atoms as the majority component (60 - 70 at.%), small atoms as the 

next-majority component, and large-size atoms as the minority component (-10 at.%) producing 

an atomic size distribution plot (ASDP) with a concave downward shape. This group of BMGs is 

sometimes referred to as medium atom - small atom - large atom (MSL) BMGs, to which the 

MgesCuasYio BMG studied in this work belongs.̂ ®^̂  The other BMG class includes alloys 

composed primarily of large-size atoms (-40 - 75 at.%) and small-size atoms (-25 - 60 

producing an ASDP with a concave upward shape. This group of BMGs is sometimes referred 

to as large atom - small atom or small atom - large atom (LS/SL) class BMGs, to which the 

CaesMgisZnso BMG belongs. Figure 5.1a) shows the ASDPs for the two alloys studied in this 

work. Figure 5.1b) illustrates the atomic radius ratios {R), of the atomic constituents of the two 

alloys with respect to the solvent atom. Also included in this figure are the corresponding cluster 
He 

ratios {R ) which predict the possible number of solvent atoms surrounding a solute atom as 

discussed in SECTION Here, we can see a reasonable correlation between R and R* 

values for both alloys. 
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Figure 5.1: a) Atomic size distribution plot for the Mg65Cu25yio ^nd Ca65Mgi5Zn2o BMGs andb) 

the correlation between R andR* values for the Mg65Cu25Yio and Ca65Mgi5Zn2o BMGs. 

In MSL alloy systems, it is noted that the heats of mixing are negative and large in magnitude 

for the large - small atomic pairs such as Ln-B, Zr-B, Mo-(C, B, P) and Y-Cu and, in many 
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cases, even larger than those between elements in these pairs and their corresponding medium 

(solute) atom componentsJ"̂ '̂®^̂  The large and small atoms may therefore be seen as forming a 

strong L-S network or reinforced 'backbone' in the amorphous s t r u c t u r e , a s illustrated in 

Figure 5.2a). Presumably, this backbone structure enhances the stability of the undercooled 

melt, which further suppresses crystallisation, in these glasses. This network theory is 

somewhat similar to the structures developed in regular, covalently bonded ceramic oxide 

glasses,̂ ^̂ ®'̂ ®®̂  with typical short range order atom to atom, with irregular or distorted bond 

angles, as given in Figure 5.2b) which shows a two dimensional representation of BsOg.̂ ®̂®̂  As 

described above, this 'backbone' network in MSL BMGs is surrounded by the solvent atom. This 

type of structure is similar to a fluxed silica glass (e.g. soda glass shown in Figure 5.2c)), 

whereby the addition of an alkaline metal, typically Na, Mg and Ca, which have an ionic type 

bond to oxygen in the Si-O-Si structures, partially 'dissolving' the covalent lattice. The M̂ ^ ions 

break the continuous network, decreasing the viscosity of the melt at high temperatures, 

whereby M""̂  ions also break the network lattice, but act as a bridge between oxygen atoms, 

hence are less mobile, which also influences the viscosity of the melt.̂ ®̂̂ ^ 

W 
» ¿^w 

r 

B 
O 

Si 
o 
Na 

Figure 5.2: a) Two dimensional representation of atomistic network/baMone formed by the 
large atoms and small atoms in the MSL class BMGs (Mg65Cu25Yio); b) network structure in 
B2O3 ceramic oxide glasd^^^^ andc) dissolved network structure in soda glassP^^^ 

In comparison to LS BMGs, MSL-class BMGs contain only -10 at.% of the large-size atoms. 

Based on the work of Poon et al.,̂ ®̂ ^ it is evident that the large-atom concentration of the MSL 

alloys cannot be extended into the LS class compositional region. It is believed that if the 

concentration of large atoms is significantly higher than -10 at.%, there will be an increasing 

tendency for these atoms to cluster, effectively reducing the interaction between the large-small 

atoms. 
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Meanwhile, the formability of the LS/SL class of BMG to which the amorphous CaesMgisZngo 

alloy belongs is generally attributed to the strong bindings that exist between two different atom-

size elements with the highest concentration, whereby the atomic diffusion and rearrangement 

into the respective crystalline phases is hindered and/or Here it is believed that 

atomic 'clusters' with a degree of short range order and stability are present in the liquidus state. 

These clusters have atomic structures somewhat different to the equilibrium crystalline phases 

of the alloy, hence upon cooling, devitrification is significantly hindered and the solid retains the 

structure of the liquid state 

Figure 5.3: Possible clusters with high packing efficiency equivalent to those proposed for the 
Ca65Mgi5Zn2o BMG: a) distorted capped trigonal prism with N=9 and R=0.732 and b) duster 
with N =10 andR 

5.1.2 Thermal Properties of BMGs 

Both the thermal properties and critical casting parameters for the MgesCuasYio and 

Ca65Mgi5Zn2o BMGs determined in this study are given in Table 5.1. 

Table 5.1: Critical casting parameters and thermal properties determined in this study for the 

MgesCuasYio and Ca65Mgi5Zn2o BMGs. 

ALLOY (at.%) Zc 

(mm) 

Rc 

(°C/s) 

T, 
(°C) 

Tx ¿Six 

(°C) 

Ti 

(°C) 
Tr, y (P 

MgesCuasYio 3-3.75 49-61 148 213 65 453 480 0.559 0.413 0.429 

CaesMgisZnao 8-9 150-170 105 138 33 336 357 0.600 0.408 0.425 

Also given in this table are calculated values for the reduced glass transition temperature (Jrg) 

using Eq. and the parameters, y and (j), which are based on thermodynamic 

crystallisation processes during cooling and reheating of a supercooled liquid using Eq. 
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respectively. Here, higher values y and (j) indicate higher glass-

forming ability as described in SECTION 2.3.7. Hence, based on thermodynamic crystallisation 

properties of the two alloys, Mg65Cu25Yio should be a slightly better glass former, despite the 

lower critical thickness values achieved. 

Lu and Liu also formulated a general relationship between the 7-value and the critical cooling 

rate, Rc, regardless of the alloy system, represented by Eq. Upon substituting the 

foregoing values, the predicted value of Rc is 4.9 °C/s for MgesCussYio and 8.8 °C/s for 

CaesMgisZngo; this is quite a poor correlation between the data presented above and that found 

previously for MgesCugsYiô ®®'̂ ^̂ ^ and CaesMgisZngo^̂ ^̂ ^ BMGs. Based on more recent work by 

Fan et al.̂ ^̂ ^̂  the critical cooling rate of an alloy may be calculated using the parameter (p in Eq. 

(2.24). This relationship predicts a maximum critical cooling rate of 68 °C/s, for Mg65Cu25Yio and 

77 °C/s for CaesMgisZngo which is a more reasonable estimation compared to that of Eq. (2.21). 

5.1.3 Critical Thickness and Cooling Rate Determination for Copper Mould Casting 

From the results given in Table 5.1, it can be clearly seen that with respect to copper mould 

casting, the critical thickness of a BMG poorly reflects the glass-forming ability of an alloy. As 

discussed in detail in SECTION 4.5.2 and depicted by Figure 4.21, the cooling rate of a casting is 

affected by the temperature at which it is cast, whereby a higher casting temperature reduces the 

cooling rate between Ti and Tg. Hence, it can be understood that with respect to achieving a 

maximum critical casting thickness Zc of a BMG, casting temperature becomes an important 

parameter, whereby a lower casting temperature will achieve a greater value of Zc- Analogous to Eq. 

(4.7), it can also be seen that the equilibrium temperature 

of the copper mould, TMOULD also 

affects the cooling rate. Here it can be seen that, by lowering the equilibrium mould 

temperature, the cooling rate of the casting can be increased thereby increasing the critical 

casting thickness. It is clear that various casting parameters, which are rarely quoted in the 

literature, will affect the value of Zc 

Combining Eq. (4.8) with Eq. (3.4) gives the cooling rate at the centre of a casting with respect to the thermal and physical properties of the alloy: 

dT _ ^(^Z/2 ^MOULD ) 

Z{l/h + Z/2k)CpP 
(5.1) 
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Figure 5.4: A representation of the cooling curve described by Eq. (5.1), indicating the cooling 
gradient at Ti and Tg and the average cooling rate between Ti and Tg over time At. 

Figure 5.4 shows a typical cooling relationship given by Eq. (5.1). Equation (5.1) may also be 

used to determine the cooling rate at any point on the cooling curve, as indicated by the solid blue 

tangent lines at 7} and Tg in Figure 5.4. Hence, the average cooling rate at the centre of the casting 

between Ti and Tg can be found by integrating Eq. (5.1) between 7/ and Tg to give: 

dT T, 2(12/2 - T^ould ) - 7; ) 

dt z{\lh + Zjlk)CpP z{\lh + Zl2k)CpP 
(5.2) 

Now, at the critical cooling rate for the formation of a BMG, Eq. (3.1), which describes the average 

cooling rate between 7/ and Tg (shown by the blue dashed line in Figure 5.4), can be written as: 

dT 

dt 
Rc = 

T -T 
f i ig (5.3) 

where M c is constant for a given BMG. Combining Eq. (5.2) with Eq. (5.3) and letting Z = Zc gives: 

ÂTi-L) Ti-T, 

Zc{l/h + Zc/2k)CpP At, 
(5.4) 
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Equation (5.4) can be rearranged and simplified to give: 

CpP 
(5.5) 

Solving Eq. (5.5) for Zc gives: 

+ \6h^kAtJC,p 

2h 
(5 .6) 

Equation (5.6) is important as it shows that Zc is dependent on a number of parameters, namely; k, h, 

Cp and p , of which k, Cp and p are material properties, and can be related to the GFA of an 

alloy when casting. However, h is not directly related to the properties of the alloy but, rather, the 

experimental casting conditions. The effects of individually increasing these parameters on Zc with 

respect to Eq. (5.6) are shown in Figure 5.5. 
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Figure 5.5: The effects of k, h, Cp and p on the critical casting thickness Zc of a BMG. 

It can be seen in Figure 5.5 that the interfacial heat transfer coefficient, h, has the largest effect on 

Zc. This high dependence of Zc on h perhaps explains the difference in critical thicknesses 

reported for samples produced by either gravity casting or high pressure casting (injection 

casting) for a given composition (e.g. for MgesCugsYio BMG, Inoue et al.̂ "̂"̂ ^ reported Zc = 4 mm 

for gravity casting and Zc = 7 mm for high pressure injection casting). Naturally, an increase in 

pressure during casting (as discussed in SECTION 4.5.4), will enhance the contact between the 
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casting and mould wall, thereby reducing the interface resistance, and increasing interfacial 

heat transferĴ ^®^ This behaviour will increase Zc- There is evidence in other casting systems 

that further suggests that a higher contact pressure dramatically increases interfacial heat 

transferJ'°°i 

Based on the foregoing analysis, it can be seen that Z c is a poor means of identifying GFA of a 

BMG with respect to copper mould casting. Rather, the critical cooling rate, Rc, required to 

generate a completely amorphous structure, (provided that R c can be measured accurately) is a 

far better indicator of GFA as R c is directly related to the alloy composition and its 

physical/thermal properties, i.e. Ti, Tg, k, Cp,p and 7;/diffusion. From this simple analysis, it 

can also be seen that Z c may be substantially increased by lowering the copper mould 

temperature, TMOULD, lowering the casting temperature TCAST and increasing the interfacial heat 

transfer by applying a high contact pressure between the mould and casting. Based on 

experimental observations under constant casting c o n d i t i o n s , a relatively low liquidus 

temperature is desirable in reducing the amount of undercooling needed before vitrification 

occurs, and the GFA of BMGs is also expected to improve by a decrease in the semi-solid 

temperature range 

5.1.4 Glass Transition and Crystallisation Behaviour 

A major concern with BMGs is their restricted use at elevated temperature due to their inherent 

thermodynamic instability, leading to a drastic change in properties due to crystallisation.̂ ^^^^ 

Upon heating, various reactions are known to occur, the first being the change from glassy 

behaviour to that of a supercooled liquid at Tg. This is followed by one or more consecutive 

crystallisation reactions. The extent of the SCL region {ATx = Tx - T^ is determined by the 

alloy type, composition and heating rate and is associated with glass With 

respect to isochronal heating (constant heating rate), this behaviour is described in SECTION 

2.3.2 by Eq. (2.10); this is a variant of the VFT equation that combines the kinetics of glass 

transition with the equilibrium v i s c o s i t y .Figure 5.6 shows that, with respect to heating rate, 

the characteristics of the onset of Tg and Tx for MgesCugsYio and CaesMgisZngo BMGs are very 

different. Here, it can be seen that onset behaviour for the MgesCuasYio is highly heating rate 

dependant whereas, in the case of the CaesMgisZngo BMG, there is very little variation of the 

thermal characteristics of the glass over a range of heating rate. The variation of Tg and Tx with 

respect to heating rate is related to glass stability/fragility, whereby a lower heating rate 

dependence indicates a more fragile glass.̂ ®°̂  As seen in Figure 5.6, a higher heating rate 
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generates higher values of Tg and Tx and a larger SCL region, which has industrial significance, 

as this effect yields a larger temperature window for superplastic deformation in the SCL region. 
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Figure 5.6: Effect of heating rate on Tg and Tx, as determined by DSC: a) Mg65Cu25Yio BMG 
and b) CaesMgisZngo BIVIG. 

Figure 5.7 shows a comparison of the isochronal DSC crystallisation curves (both taken at 20 

°C/min), for the Mg65Cu25Yio and Ca65Mgi5Zn2o BMGs studied in this thesis. It can be seen in 

Figure 5.7 that these curves have dissimilar shapes i.e. the DSC curve of the Mg-based alloy is 

clearly skewed to higher temperatures, whereas the Ca-based alloy has a more symmetrical 

DSC curve. 
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Figure 5.7: The difference in shape of the DSC crystaliisation curves for: a) Mg65Cu25Yio BMG and 
b) CaesMgisZnso Bf^G (heating rate =20 °Omin). 
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Based on the Kissinger method̂ ^̂ ®^ described in SECTION 2.3.4, the local activation energies 

required for a given crystallised fraction of the two DSC curves are shown in Figure 5.7. Figure 

5.8 shows local activation energy as a function of crystallised fraction for both BMGs. The initial 

activation energy required for crystallisation of the Mg-based BMG is obviously higher due to its 

higher crystallisation temperature (related to the atomic species present). The Ca65Mgi5Zn2o 

alloy shows a steeper decent in activation energy in the initial stages of crystallisation, indicating 

that the initial stages of this particular crystallisation reaction occurs more readily than that of the 

Mg65Cu25Yio alloy. It can also be seen that the decrease in activation energy required for the 

complete crystallisation of the Mg-based alloy is greater than that of the Ca-based alloy 

indicating that once the reaction has started it continues more rapidly. Hence, there is a shorter 

time required to complete the crystallisation reaction of the former alloy. It may therefore be 

assumed that the final stages of crystalisation are more complex for the Ca-based alloy. 
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Figure 5.8: Comparison of the change in activation energy during crystallisation for the Mg65Cu25Y 

and Ca65Mgi5Zn2o BMGs (heating rate = 20 °Omin). 

By combining the Kissinger relationt^^'^ ^¡th the method devised by Ozawa et al.̂ ^̂ '̂  the 

instantaneous value of the Avrami^'^®-'''' exponent, n may by calculated using constant heating 

rate data, which can be seen in APPENDIX I. However, this method tends to give higher values of 

n compared to the isothermal analysis due to the variation of the diffusivity of the atoms and 

short relaxation/stabilisation times. A plot of the instantaneous Avrami exponent during 

crystallisation for both alloys, as calculated from the DSC traces of Figure 5.7, is given in 

Figure 5.9. 

" " 174 ^ 
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20 30 40 50 60 70 80 
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Figure 5.9: Comparison of the instantaneous Avrami exponent with respect to crystallised 
fraction for¡\/lg65Cu25Yio and CaesMgisZngo BMGs (heating rate =20 °C/min). 

The instantaneous Avrami exponent curve provides insight into the rate of diffusion-controlled 

nucleation and growth of crystalline particles during heating. A value of 1 < ^ < 1 .5 indicates 

particles with appreciable initial volume and a zero nucleation rate, whereas the range 

1 .5<n<2.5 indicates particle growth at a decreasing nucleation rate. Values of n > 2 are 

indicative of a crystallisation process governed by three-dimensional growth (spherical particles) 

where n>2.5 sees a transition from a decreasing nucleation rate to that of an increasing 

nucleation rate. In the latter stages of crystallisation, the local Avrami exponent tends to 

decrease to a value lower than 2.5, indicating a decreasing nucleation rate. This is attributed to 

nucleation saturation and three-dimensional growth of crystalline nuclei, leading to subsequent 

crystal impingement^^°^^ and the mutual contact of c r y s t a l s . F i g u r e 5.9 shows that the 

MgesCuasYio BMG exhibits much slower nucleation and growth kinetics for the first 50% of the 

crystallisation transformation reaction at a constant heating rate of 20 °C/min than that of the 

CaesMgisZnso BMG. This initially sluggish crystallisation behaviour suggests that the structure of 

the Mg-based BMG is that of a somewhat stronger liquid compared to the Ga-Based BMG. Also 

evident from this plot is the earlier and deeper decrease of the Avrami exponent in the 

CaesMgisZnso alloy in the final 50% of crystallisation. Again, this behaviour is likely to be 

associated with nucleation saturation or, as suggested by the activation energy, a complex, high 

energy crystallisation mechanism, perhaps related to the twinning seen in SECTION 4.7.2 . 
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Figure 5.10 shows the isothermal DSC time-temperature-transformation data for both alloys. 

Similar to the behaviour shown in Figure 5.7, the two alloys display quite different crystallisation 

characteristics. For the Mg-based BMG, the transformation follows the expected Arrhenius-type 

crystallisation reaction, whereas the Ca-based alloy deviates somewhat from expected 

crystallisation behaviour, as shown by the non linearity of the plots. 
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Figure 5.10: Time-Temperature-Transformation diagrams showing the transition from the non-
equilibrium amorphous phase to the equilibrium crystalline structure for: a) Mge5Cu25Y^o BMG 
andb) Ca65Mgi5Zn2o BMG. 

The behaviour shown in Figure 5.10b), which appears to be a type of acceleration of the 

crystallisation reaction at higher temperatures, may be explained in two ways: 

(i) Using the VFT relation (Eq. which describes the change in viscosity as a function 

of temperature and liquid fragility, it can be seen that a more fragile liquid will deviate further 

from Arrhenius-type viscosity behaviour. Viscosity, which is proportional to the inverse 

diffusivity, (SECTION 2.3.2), is regarded as a kinetic factor controlling the jumping and rotation 

rates of atoms or molecules across a nucleus-liquid This transportation 

rate of atoms across this interface is a determining factor in both the nucleation rate {Eq. 

(2.3)) and growth (Eq. (2.11)) of crystalline phases. 

(ii) The possible presence of quenched-in nuclei may contribute to the deviation. In a recent 

study, the average value of the Avrami exponent was given as 3.0 for MgesCuigAgioYio 

a l l o y . I n this case, it was found that the addition of Ag altered the crystallisation behaviour 

substantially and it was proposed that crystallisation was governed by diffusional growth of 

quenched-in nuclei. 
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5.1.5 Chemical Reactivity 

It is known that the chemical reactivity of nnetallic calcium far exceeds that of magnesium. It was 

observed in this work that the charge preparation of the Ca-based BMG was far more difficult 

than that of the Mg-based BMG due to the rapid formation of oxide film on the calcium balance 

material. It was also found that attempting to prepare the CaesMgisZngo alloy in a resistance 

furnace in a crucible with a non-sealed pouring spout under a circulating argon atmosphere was 

inadequate, with the majority of metal being oxidised due to the long heating times. Here, it 

became necessity to develop the induction-heated, inverted injection-casting unit. 

Once quality BMG samples were produced, it became apparent that the corrosion resistance of 

the Mg-based BMG far exceeded that of the Ca-based BMG; the latter was found to corrode 

into a black powder within two months, whereas the former retained a metallic lustre for years 

under indoor/laboratory conditions. This reactivity posed some problems with the storage of 

samples both pre- and post-testing. In order to maintain the samples close to their as-cast 

nature, they were stored in silicon oil in sealed specimen containers. Nevertheless, the Ca-

based BMG continued to tarnish in this environment, at a rate much faster than that of the Mg-

based BMG which remains relatively unchanged. Figure 5.11 shows the two alloys exposed to 

different conditions for different periods of time. Table 5.2 shows the available electrochemical 

data for the corresponding BMG alloys and some reference crystalline metals in different 

electrolyte solutions. 

Figure 5.11: The condition of: a) Mg65Cu25yio BMG exposed to air for two years and b) sealed 

in silicon oil for two years; c) Ca65Mgi5Zn2o BMG exposed to air for 2 months and d) sealed in 

silicon oil for 9 months. 
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Table 5.2: Electrochemical data for Ca- and Mg-based BMGs and similar crystalline metals. 

A L L O Y (at.%) ELECTROLYTE 

CORROSION 

POTENTIAL 

(mv) 

CURRENT 

DENSITY 

(mA) 

MEAN CPR 

(mm/year) 
REF 

Ca65lVlgi5Zn2o 0.05 M Na2S04 -1535 0.17 5.691 [303] 

CassiVlgisZniiCuie 0.05 M Na2S04 -479 0.011 0.311 [303] 

Ca5ol^g2oCu3o 0.05 M Na2S04 -1165 0.053 1.503 [303] 

Mg97.6Zn2.2Zro.2^^^ 0.05 M Na2S04 -1501 0.019 0.425 [303] 

PURE 0.01 M Na2S04 >1 [304] 

MG65CU25YLO 0.01 M NaCI -346 0.002 41 [305] 

Mg65NÌ2oNdi5 0.01 M NaCI -634 0.003 75 [305] 

PURE 0.01 M NaCI -1525 0.004 88 [305] 

MG65CU25YIO 0.1 M NaOH -575 0.5 [189] 

PURE Mg^^^ 0.1 M NaOH -1241 1.1 [189] 

(C) denotes a crystalline material 

5.2. CASTABILITY OF BMGs 

5.2.1 Composition Characteristics 

Of the two alloy compositions examined in this thesis, the l\/lg65Cu25Yio BMG proved far more 

time consuming to prepare due to the intermediate step of master alloy preparation, which 

involved the tedious task of arc melting. However, this preparation step may now be eliminated 

using the induction-heated inverted die-casting unit described in SECTION 4.2 by using a 

preparation method similar to that of the CaesMgisZnao alloy (described in SECTION 4.3). 

However, the MgesCussYio BMG proved significantly easier to cast and handle in the molten 

state opposed to the CaesMgisZngo BMG. This was generally due to the reactivity of elemental 

calcium in the Ca-based BMG as opposed to the reactivity of Mg-based BMG and the 

noble/passivating effects of using copper as an alloying element in the latter. 

Due to the relative differences in liquidus temperatures, casting of the Ca-based alloy was 

possible at much lower temperatures. Figure 5.12 shows a comparison of the casting 

temperatures (normalised to Tg, the theoretical temperature at which viscous flow is physically 
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no longer possible), and gate velocities for both alloys at which the charge material did not 

completely fill the entire length of the copper mould. 

(0 
E 

O 
O 
-J 
LU > 

1.8 1.82 1.84 1.86 1.88 1.9 

TCAST/T G 

1.92 1.94 1.96 1.98 

Figure 5.12: Comparison of incomplete mould filling with respect to normalised casting 
temperature and molten metal velocity at the mould gate for Mg65Cu25Yio and Ca65Mgi5Zn2o. 

It can be seen that the Mg65Cu25Yio BMG requires higher casting temperatures and gate 

velocities to achieve complete mould filling than the CaesMgisZnao BMG. This suggests that the 

viscosity of the molten Mg-based alloy is greater than that of the Ca-based alloy. As was 

discussed in SECTION 2.3.3 a lower melt viscosity is associated with a lower packing efficiency 

and short range order bond strength that, in turn, is related to poorer glass-forming ability.̂ ®°̂  

These results indicate that, based on melt viscosity, the MgesCugsYio BMG would have a higher 

glass forming ability than the CaesMgigZnso BMG, which, according to previous discussion 

appears to be the case. 

In terms of permanent copper mould casting of BMG parts with large aspect ratios (e.g. long 

bars, large sheets, plates or thin component housings), a metal with a lower molten viscosity 

would prove more advantageous with respect to cavity filling. As was observed in this thesis, a 

higher injection temperature promoted more extensive cavity filling due to a decrease in metal 

viscosity and an increase in stagnation time, (described in Eq. (3.13)). However, as depicted 

in Figure 4.21, a higher injection temperature results in a lower rate of cooling that, at some 

point, will become critical in forming an amorphous structure upon cooling. 
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Ideally, BMGs amenable to copper mould casting should exhibit a low critical cooling rate for 

glass-forming ability, a low liquidus temperature and melt viscosity to promote complete mould 

cavity filling and a high material heat capacity and density for enabling the molten metal to retain 

heat. A BMG castability parameter, , is used here to identify superior copper mould 

casting characteristics between alloys. Based on the aforementioned properties of an alloy, 

^BMG defined as: 

o ^PP 
^BMG = Y L ^ (5.7) 

A large value of O^B^G indicates an alloy that is highly suitable for copper mould casting. In terms 

of large-scale production by permanent mould casting, in theory lightweight BMG components 

could become more competitive with commercial crystalline alloys. Although BMGs exhibit 

higher melt viscosities than those of pure metals (lightweight BMG viscosities 2 - 5 Pa.s compared 

to 10'̂  Pa.s of pure metals),̂ ^̂ ^ they exhibit much lower melting temperatures due to deep eutectic 

reactions and no heat of fusion upon cooling compared to Mg-based commercial alloys. 

With respect to cooling a metal casting to a temperature at which it may be removed from a 

mould (i.e. TMOULD) the amount of heat to be removed from a crystalline metal casting can be 

given by the general equation: 

Q = P Y C . A T , + P S V H . + - TMOULD ) ( 5 . 8 ) 

where p^ and p^ is the density of the solid and the liquid, respectively, Cp,s and Cp./ is the solid 

and liquid heat capacities, respectively, Vthe volume of material, / / / the heat of fusion, M s the 

degree of superheat and Tm the melting temperature. Comparing Eq. (5.8) with the heat of a 

molten BMG-forming alloy (Eq. (3.4) - no heat of fusion) it may be appreciated that, provided 

similar mould filling properties are reached, the production time of a BMG cast component will 

be less than that of a commercial crystalline alloy, leading to greater production efficiency. If 

high-pressure consolidation methods similar to those seen in SECTION 4.5.4 of this work are 

utilised, there is also the possibility of generating a surface finish of higher quality than that 

achievable in a crystalline material due to: (i) the homogeneous structure of the material (no 

grain etching effects), and (ii) the high formability of the material in the SCL region whilst 

cooling, which exhibits enhanced mould feature replication on a micro scale.̂ "*̂ ^̂  
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5.2.2 Sample Density and Injection Velocity Range 

Figures 3.32 and 4.25 show the processing maps developed for casting of 3.15x7x125 mm 

MgesCussYio and CaeslVlgisZnao BMG samples. It is interesting to note that, throughout the 

evolution of the inverted injection casting process, sample density and, hence, integrity was 

improved from a control window within 50% to -100% fully dense range for the Mg-based alloy 

to 96% to > 98.8% fully dense for the Ca-based alloy (the inability to achieve 100% density was 

due to surface imperfections rather than porosity). This substantial improvement in processing 

is thought to be due to an early stabilisation of the fluid flow front, bought about by the change in 

acceleration due to the increase in melt chamber volume, as discussed in SECTION 4.2. It is also 

interesting to note that the injection velocity range for achieving high quality castings in the 

CaesMgisZnso BMG is similar to that of the favourable casting region for the MgesCussYio BMG. 

Figure 5.13 shows a comparison of the two casting zones with respect to the injection velocity 

at the gate and temperature normalised to Tg. This indicates that, provided the material 

viscosity remains low enough to entirely fill the mould cavity (higher in the casting temperature 

region), the ideal gate velocity of the material is a physical characteristic of the casting system, 

namely the mould cavity/gate geometry. Here, an excessive gate velocity will destabilise the 

progressing fluid front, introducing structural defects such as cold shuts and hollow sections, 

thereby decreasing the structural integrity of the casting. 
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Figure 5.13: A comparison of the favourable casting zones for l\/lg65Cu25Yio and Ca65l^gi5Zn2o 

BMGs with respect to injection velocity and normalised casting temperature TcAsr/Tg. 
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5 . 3 . ELEVATED TEMPERATURE MECHANICAL PROPERTIES 

As discussed by Ashby and G r e e r , w h o compared the elastic limit of BMGs to other 

commercial alloys (Figure 2.24), BMGs approach the theoretical strength limit {ay= E/20) more 

closely than any other bulk metallic materials. This ideal strength limit is essentially based on 

interatomic po ten t i a l s , t ha t is, the rupture strength of individual atomic bonds within a 

material. This result is somewhat expected in a BMG as there are no grain boundary 

interactions and no dislocations to accommodate strain, resulting in material properties close to 

that of the interatomic bond strength and stiffness. 

5.3.1 Effects of Temperature and Strain Rate on BIVIG Flow Stress and Viscosity 

Both BMGs investigated in this thesis displayed stress strain curves typical of other bulk metallic 

glassest̂ '̂-̂ « -̂̂ ^^^ whereby a high peak stress is reached and, quite often, a stress overshoot is 

observed, followed by a much lower flow stress. (See e.g. Figures 3.41 and 4.31). A stress 

overshoot is usually associated with non-Newtonian behaviour̂ ®®'̂ "̂ ^̂  at high strain rates or low 

temperatures and generally attributed to the change in atomic-mobility at a yield point due to a 

rapid, deformation-induced, change in free volumê ®®'̂ ®̂ '̂ "*̂ ^ and its gradual return to an 

equilibrium state during stress relaxation. The strain-induced softening is generally explained by 

an increase in the free volume and generation of shear bands.̂ ®̂'̂ '̂̂ '̂̂ "̂ ®"̂ ®̂̂  

As discussed throughout this thesis, temperature, strain rate, flow stress and viscosity are 

interrelated. These relationships are generally expressed using equations (2.8) and (2.32), 

which are referred to in SECTION 2.3.2 and SECTION 2.6.4, respectively. 

It was observed throughout this work that, at temperatures within the SCL region accessible to 

tensile testing, the Ca65Mgi5Zn2o BMG would only flow in a homogeneous manner at strain rates 

one to two orders of magnitude lower than those achieved by the MgesCugsYio BMG. Figure 

5.14 shows, for a given temperature, viscosity as a function of strain rate for the two alloys, 

which were calculated using Eq. (2.32). Also included (inset) in Figure 5.14 as a means of 

comparison is a table of temperatures normalised to the glass transition temperature of each 

alloy. Normalised viscosity in the Newtonian flow region is discussed in SECTION 5.3.2 (Figure 

5.16). 
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F i g u r e 5 .14: Effect of strain rate on viscosity of the Mg65Cu25Yio and Ca65Mgi5Zn2o BMGs at a 

given temperature (Inset Table: Temperatures normalised to Tg ). 

As discussed in SECTION 4.6.9, the combined relationship between flow stress, strain rate and 

temperature can be described by Eq. (4.13). Rearranging this equation to better represent the 

experimental data and variables used during constant strain rate tensile testing gives: 

a . = 3éî]^ exp 
D T 

( T - T ) 
(5.9) 

Using the VFT relation (Eq. (2.8)), values of Tj^, Z)*and To were determined in SECTIONS 3.9.6 

and 4.6.6 for the MgesCussYio and CaesMgisZngo BMGs, respectively. 

Equation (5.9) may be rearranged to give: 

In cr. =: ln(3^77j + 
( T - T J 

( 5 . 1 0 ) 
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According to Eq. (5.10), it can be seen that a plot of In CTy as a function of HT-To is expected to 

yield a straight line for the data with D*To and ln(3£77j being the gradient and y-intercept, 

respectively. This type of plot for both the MgesCugsYio and CaesMgisZnso BMG is given in 

Figure 5.15, where the dashed lines represent the expected fit for Newtonian flow data 

(coloured data points) using Eq. (5.10) and previously calculated values of D* and To. 
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Figure 5.15: Comparison of the relationship between temperature, flow stress and strain rate 
highlighting the correlation between data and Eq. (5.10). 

It is clear from Figure 5.15 that the Newtonian data points (confirmed using the free volume 

model) correlate quite well with the expected fit whereas the non-Newtonian data (unfilled 

points) deviate from linearity, as indicated by the solid lines. This information shows that the free 

volume model and the VFT relation correspond quite well with one another and the data 

generated in this thesis. 
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5.3.2 Fragility 

The concept of fragility was introduced by Angell̂ ®®'®®̂  to characterise the increase in liquid 

viscosity during cooling; it is considered to be a measure of the degree of co-operativity of 

atomic motion. Fragility of liquids is defined as the apparent activation energy of shear viscosity, 

77, or structural relaxation time at the glass transition temperature, Tg, normalised to ĴV®®"®®̂  

On the basis of the experimental results there is a positive correlation between GFA and the strong 

nature of liquids with BMGs showing behaviour similar to strong glasses The parameter, Z)*, 

derived from the VFT equation (Eq. (2.8)) is often used as a measure of liquid fragility with 

values ranging from 3 to 5 for fragile liquids such as organic glasses, and up to 100 for a strong 

liquid, such as SiOg glass. Typically, D*-values range from 1 5 - 2 5 for BMGs.̂ ®®'®̂ '®̂ ^ By 

normalising Newtonian viscosity data points generated during tensile testing in the SCL region 

of MgesCussYio (JD*= 21.6) and Ca65Mgi5Zn2o [D* = 17.3), an 'Angell plot'̂ ®®̂  was constructed to 

show the distinct differences that temperature has on the Newtonian viscosity of the two BMGs 

(Figure 5.16). A detailed description of the methods used to construct this plot is given in 

APPENDIX J. With respect to the viscosity data, Figure 5.16 indicates that Mg65Cu25Yio is a 

stronger liquid than Ca65l\/lgi5Zn2o, although both alloys display relatively strong liquid behaviour. 
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Figure 5.16: An 'Angell plot' consisting of Newtonian viscosity data for the MgesCussYw and 
Ca65Mgi5Zn2o BMGs normalised to Tg* (also included are cun/es for SiOz and o-terphenyl). 
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5.3.3 Workability of Bulk Metallic Glasses 

Fabrication of light-weight BMG components is limited by a number of factors: (i) Their 

machinability is generally limited to fine surface grinding (as used in the fabrication of tensile 

samples in SECTION 3.8) due to the brittle nature of the alloys at room temperature; and (ii) 

Industrial type welding processes are also not possible due to crystallisation of the BMGs 

associated with remelting and crystallisation of the heat affected zone/s. A promising method of 

component fabrication for lightweight BMGs is near-net-shape fabrication. This can be achieved 

by: (i) direct casting although complex components are difficult to produce due to the high 

cooling rates required (see e.g. Figure 3.23) or (ii) plastic forming in the SCL region, as 

discussed in SECTION 2.6.4. The hot workability of amorphous materials by industrial-type 

processes is expected to be higher for a fragile liquid, since they would reach the viscosity of a 

stronger liquid at a lower working temperature (Figure 5.16). Based on fragility data alone, the 

Ca65Mgi5Zn2o BMG is expected to show better workability. However, fragility does not take into 

account strain rate sensitivity, nor do the two parameters appear to be related. Superplasticity is 

characterised by the strain rate sensitivity, m\ this parameter, is considered to be a material 

property, related to the stoichiometry of the individual Figure 5.17 shows strain rate 

sensitivity as a function of both strain rate and temperature for the two BMGs. Also included in 

this figure is a table of test temperatures normalised to Tg for comparison. 
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Figure 5.17: Effect of strain rate on strain rate sensitivity of the Mg65Cu25yio and Ca65Mgi5Zn2o 
BMGs for a range of test temperatures. (Inset Table: Temperatures normalised to Tg). 
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With respect to constant strain rate deformation within the SCL region, the Mg-based BMG 

appears to be far more suitable, due to its higher superplasticity, implying that it may be worked 

at a much faster rate without brittle failure. The data also indicate that ideal flow conditions 

(Newtonian) were achieved in more cases and at much higher strain rates for the MgesCugsYio 

BMG. In a more practical sense, the larger SCL region of the MggsCussYio BMG (Table 5.1) is 

expected to allow easier access to more favourable deformation parameters including the 

avoidance of the onset of crystallisation. 

Constant load tensile testing of the Ca-based BMG was carried out at a heating rate of 5 °C/min 

for various loads to observe the variation in strain rate within the SCL region and beyond 

(SECTION 4.6.9). The strain rates generated by constant load testing were in excess of 1x10'̂  s"̂  

with respect to the original gauge length and maximum elongations of over 850% were 

achieved. These elongations were larger than that achieved by constant strain rate tensile 

testing. It is pertinent to note that this mode of deformation may be advantageous for an 

industrial type forming process as initial deformation at low temperatures and lower strain rates 

tends to overcome the initial activation energy and stress overshoot effects involved in flow 

initiation, thereby resulting in smooth flow characteristics at an increasing strain rate. It can also 

be appreciated that, by using this deformation method at a constant load just below the fracture 

strength of a glassy material, deformation/forming times can be kept to a minimum. For the 

Ca65Mgi5Zn2o BMG, where crystallisation (time) tended to be the predetermining factor with 

respect to sample elongation, this mode of deformation may be useful for generating greater 

elongations before failure associated with crystallisation hardening. 

5.3.4 Influence of Dynamic Crystallisation on Flow Behaviour 

Both types of BMG studied in this thesis showed a crystallisation-related increase in flow stress 

during the latter stages of tensile testing which was followed by fracture. A rise in flow stress is 

generally attributed to the strengthening effect associated with nano-crystallisation of the 

supercooled liquid, where the strength/viscosity of the partially nanocrystalline solid is higher 

than that of a amorphous phase at elevated temperatures.̂ ^^ '̂̂ ^®'̂ ®^^ It is possible to explain such 

flow behaviour if the material is assumed to behave like a semi-crystalline composite.̂ ^®^^ During 

constant strain rate deformation in the SCL region, flow stress can be explained in terms of 

viscosity. As discussed in SECTION 3.9.7, an increase in flow stress of a crystallising BMG can 

be considered to be the result of interactions between crystalline agglomerates in the 

amorphous matrix, whereby when these agglomerates collide, stress increases due to the 

increase in viscosity.̂ ^®^^ As the number of crystallites increases with time (and strain), the 
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crystallised volume fraction of the sample increases, resulting in an increase in the number of 

agglomerate interactions in the amorphous matrix. The result is an increase in the material 

viscosity and, hence, an increase in flow stress.̂ ®̂̂ '̂ ®"̂ ^ Constant strain rate deformation studies 

on Zr-based BMG systems have reported the formation of nanocrystalline precipitates in the 

amorphous matrix but an increase in flow stress occurred only when the fraction of crystallites 

reached a certain value (-20% by volume). 

5.3.5 Dynamic Stabilisation and Deterioration of the Amorphous Structure 

During tensile deformation in the SCL region, both BMGs studied in this thesis exhibited vastly 

different onset times for crystallisation compared with statically crystallised samples. It can be 

seen in Figure 3.48 for the MgesCugsYio BMG that tensile deformation reduces the time for the 

onset of crystallisation (denoted as AÌXR) compared to static crystallisation (DSC data); this 

behaviour is consistent with other studies on various BMG s y s t e m s . I t can also be seen 

in Figure 3.48 that this stress increase appears to be related to deformation time and 

temperature whereby a higher deformation temperature yields a smaller AtxR rather than the 

amount of plastic strain. 

There are two major mechanisms proposed for the reduction of crystallisation time during BMG 

deformation in the SCL region:̂ ^®^̂  (i) Deformation-induced disordering, whereby the extent 

atomic diffusion necessary for nucleation is enhanced due to the increase in free volume 

caused by plastic flow;̂ ®̂̂ ^ and (ii) Non-equilibrium phase separation caused by plastic 

deformation which is argued to generate local compositional changes resulting in regions 

exhibiting a reduced viscosity compared that of the nominal composition. Such behaviour is 

expected to induce flow localisation in these low-viscosity regions causing further 

decomposition. Due to the thermodynamic instability of BMGs in the SCL region, phase 

separation into two or more slightly different supercooled liquids may occur and trigger primary 

crystallisation.̂ ^®®'̂ ®®^ There is evidence of phase separation prior to crystallisation in the 

MgesCugsYio BMG, as shown by the APT analysis in SECTION 3.10.5. 

On the other hand. Figure 4.38 distinctly shows that tensile deformation of the CaesMgigZnso 

BMG delays the onset time (denoted by Atxo) of the stress increase due to crystallisation. 

Here, it can be clearly seen that a higher deformation temperature reduces Atxo- It can also be 

seen that a higher deformation rate (strain rate) increases Atxo, i.e. there is a stabilisation of the 

amorphous phase, as observed in other BMG systems. This phenomenon has also been 
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documented by Inoue et al. for the ZrgsAlioNiioCuis^^^^^ and LassAlaoNisŝ "'̂ ®̂  amorphous alloys 

and can be seen in the data given by Kim for the Cu54NÌ6Zr22Tii8 BMG.̂ ®̂̂ ^ It is suggested that 

this time discrepancy in the onset of the stress increase indicates that deformation under 

appropriate conditions causes a degradation of the crystallisation reaction, namely, deformation-

induced stabilisation of the supercooled liquid. The mechanism for this deformation-induced 

stabilisation is not clear, although it is possible that it may be due to the suppression of the of an 

incipient-stage reaction for crystallisation and, at higher strain rates, due to a rapid increase in 

flow volume generated during deformation.̂ ^®^ 

This difference in dynamic crystallisation characteristics for the BMGs studied in this thesis may 

be explained by the difference in their amorphous structures. With respect to atomic sizes, the 

MSL-type Mg65Cu25Yio BMG is believed to have a 'backbone' network amorphous 

structure,̂ "̂ '̂®^̂  whereas the LS-type Ca65Mgi5Zn2o BMG has an efficiently packed cluster 

structure.̂ ^̂ '®^̂  Hence, deformation may result in break up of the network structure in MSL-type 

BMGs, leading to premature crystallisation. Although temperature affects the thermodynamics 

and kinetics of crystallisation for both types of BMGs, temperature may allow greater flexibility of 

the network structure, which would account for the decrease in Aix/? with increasing 

temperature. 

In the case of an LS-type BMG, deformation may increase the amount of free volume in the 

structure,̂ ^®°̂  thereby increasing the average distance between the tightly bound atomic clusters. 

This is expected to make it more difficult for atomic rearrangement needed for crystallisation. 

This theory would support the observed increase in A f e with increasing strain rate for the Ca-

based BMG, since free volume is also believed to increase with increasing strain rate.̂ ''®°l 

Naturally, Ai^z) decreases with increasing temperature due to thermodynamic and kinetic 

factors, where the atomic binding within these clusters becomes weaker due to atomic 

vibrations. Hence, the atomic spacing increases during deformation which increases the ease of 

atomic rearrangement and hence, crystallisation is promoted. 
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CONCLUSIONS 

An extensive analysis has been carried out on the production techniques, castability, stability, 

elevated temperature mechanical properties and microstructural evolution of lightweight bulk 

metallic glasses. The major findings of this work are summarised below. 

Light-Weight Bulk Metallic Glass Production 

• It was found that the inverted injection die casting method provided superior results to that of 

conventional gravity casting into a copper mould. 

• High quality lightweight bulk metallic glasses were consistently produced using the inverted 

injection die casting method in lengths of at least 125 mm, by choosing injection parameters 

that stabilise the molten metal flow front within the mould cavity. It was also determined that 

favourable injection parameters are closely related to the casting system geometry and melt 

viscosity. 

• The use of higher holding pressures when casting was found to increase the sample surface 

quality due to a post-casting consolidation process during sample cooling. 

• It was also determined that the critical casting thickness Zc, at which a completely 

amorphous structure is obtained, is affected more so by interfacial heat transfer than 

material properties, and is related to casting/mould interface contact pressure. 

Glass Stability 

• Light-weight bulk metallic glasses that indefinitely retain an amorphous structure at room 

temperature may be produced from the MgesCuasYio and Ca65Mgi5Zn2o alloys. 

• The Mg65Cu25Yio BMG was found to have a critical cooling rate between 49 and 61 °C/s, and 

may be gravity cast in a copper mould to achieve a completely amorphous structure with 

thicknesses up to 3 mm, or readily cast using the inverted injection method successfully to 

obtain a thickness of 3.15 mm. 

• The CaesMgisZngo BMG was found to have a critical cooling rate between 150 and 170 °C/s, 

and may be cast using the inverted injection method to achieve a completely amorphous 

structure of diameter of 8 mm. 

• The MgesCussYio BMG was found to have a glass transition temperature {Tg) and 

crystallisation temperature {Tx) that varied with heating rate. Tg varied from 138 °C for a 

heating rate of 2 °G/min to 148 °C for a heating rate of 20 X/min. Tx varied from 195 for 
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a heating rate of 2 °C/min to 213 °C for a heating rate of 20 °C/min. This indicates a 

supercooled liquid interval of 57 to 65 °C. 

The CaesMgisZnao BMG was found to have a Tg that varied little with heating rate. Tg varied 

fronn 102 °C for a heating rate of 5 °C/min to 105 °C for a heating rate of 20 °C/min. Tx 

remained relatively unchanged with heating rate at 137 °C. This indicates a supercooled 

liquid interval of ~32°C. 

Isothermal annealing results show that the onset of crystallisation occurs much more quickly 

in the CaesMgisZnao BMG and follows a non-Arrhenius type relationship as opposed to the 

MgesCuasYio BMG. 

Crystallisation kinetics were found to vary between the MgesCugsYio and CaesMgigZngo 

BMGs, the former showing a steady increase in the local Avrami exponent from 1.0 to 3.0 

between 5 to 85% crystallised volume fraction, whereas the Ca-based alloy displayed a rapid 

increase in the local Avrami exponent from 1.0 to 2.6 between 5 to 40% crystallised volume 

fraction, then decreased from 2.6 to 2 between 40 to 85% crystallised volume fraction. 

From observations made over time, it was discovered that the Mg-based BMG was far more 

corrosion resistant than the Ca-based BMG. 

Overall, the Mg-based BMG was found to be less prone to crystallisation when compared 

with the Ca-based BMG and hence was considered to be the more stable glass. 

Castability 

Lightweight BMGs based on magnesium and calcium, although reactive by nature, were 

successfully prepared and produced under a circulating argon atmosphere using inverted 

injection die casting and a naturally cooled copper mould. 

The Mg65Cu25Yio BMG was found to be more time consuming to prepare due to the 

intermediate master alloying step for the high temperature Cu and Y constituents. However 

the CaesMgisZnao alloy melt was found to be more difficult to handle due to the reactivity of 

elemental calcium. 

The CaesMgisZngo BMG was found to be more susceptible to core crystallisation when 

casting was carried out at higher superheats due to a lower thermal conductivity than the 

MgesCussYio BMG. 

The casting parameter range for achieving highest quality castings for the Mg- and Ca-based 

BMGs was almost identical and related to the casting system geometry. 
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Elevated Temperature Mechanical properties 

• For lightweight BMGs when deformed at an elevated temperature under constant strain rate 

conditions, it was found that an increase in test temperature resulted in a decrease in flow 

stress. 

• It was also found that an increase in strain rate resulted in an increase in flow stress for 

these materials. 

• It was established that Newtonian flow occurred at temperatures higher in the SCL region 

and lower strain rates. 

• The Ca65Mgi5Zn2o BMG was found to be far more strain rate sensitive with respect to brittle 

fracture, exhibiting a maximum achieved strain rate for homogeneous flow of 10"̂  s'̂  

compared to 10 s'"* for the MgesCugsYio BMG. 

• Elongations achieved for the MgesCugsYio BMG were in excess of 1300% compared to a 

maximum elongation of 598% for the Ca65Mgi5Zn2o BMG under constant temperature/ 

constant strain rate conditions, with elongation usually limited by the onset of crystallisation. 

• Based on elevated temperature deformation results, the Ca65Mgi5Zn2o BMG was determined 

to be the more fragile glass with a fragility parameter {D ) of 17.3 as opposed to the 

MgesCuasYio BMG with a D* value of 21.6. 

• Both BMGs experienced crystallisation under certain deformation conditions where it was 

found that the partially crystalline state exhibited a higher viscosity/flow stress than the fully 

amorphous phase. 

• Under deformation conditions where crystallisation did occur, the Mg-based BMG was found 

to display a stress increase due to crystallisation prior to the times determined by static 

crystallisation experiments. Accelerated crystallisation in the Mg65Cu25Yio alloy under 

dynamic conditions was determined to be due to dynamic segregation of the amorphous 

phase into Cu rich and Y rich regions, which destabilises the amorphous structure, leading to 

crystallisation at a time premature to that seen in static crystallisation. 

• In contrast, the Ca-based BMG was found to display a delayed stress increase due to 

crystallisation in comparison to the times determined by static crystallisation experiments. 

I.e. dynamic stabilisation of the amorphous phase. The dynamic stabilisation of the 

amorphous phase in the CaesMgisZngo alloy was found to increase with increasing strain rate 

and decreasing with increasing test temperature. 

- Constant load straining during heating in the SCL region was found to be a useful means of 

deforming/working the Ca-based BMG, as the stress overshoot behaviour was avoided and 

larger strains were achieved prior to crystallisation hardening. 
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In general the Mg-based BMG was found to be the more promising material with respect to 

elevated temperature superplastic forming due to its ability to be strained at high rates to 

large elongations without crystallisation. This material also exhibits superior elevated 

temperature corrosion resistance and is a more viable alloy for use as fabricated 

components. 
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APPENDIX A 

A P P E N D I X A - CALCULATION OF COOLING RATE 

The cooling rate for the interval between the liquidus temperature, T/ and the glass transition 

tennperature, Tg is found using the relation: 

dT 

dt At 

where Ar is the time interval between Ti and Tg. This time interval was determined using cooling 

curve data. An example using the data gathered for the MgesCussYio wedge casting can be seen 

below in Figure A, with the results shown in Table A. The same method was used for the 

analysis of the CaesMgisZngo segmented cylinder casting. 
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Figure A: Cooling curves for the Mg65Cu25yio wedge casting stiowing average cooling rates. 

Table A: MgesCugsYip wedge casting cooling rate data and calculations. 

THERMOCOUPLE 
POSITION (mm) 

CORRESPONDING TIMES (s) CALCULATED COOLING 
RATE (°C/s) 

THERMOCOUPLE 
POSITION (mm) At 

CALCULATED COOLING 
RATE (°C/s) 

8.2 0.18 16 15.8 22 

4.7 0.10 8.3 8.2 43 

1.2 0.10 2.5 2.4 145 
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APPENDIX B - CALCULATION OF INJECTION VELOCITY (I) 

Pressure was a major experimental variable in this work. However, much of the work in the field 

of die casting is explained in terms of fluid velocity. For the Mg-based material velocity 

calculations were made using the Bernoulli integral of the momentum equation for various 

casting pressures so that a comparison may be made for different casting systems. 

Assuming that the applied pressure was instantaneous and constant, the movement of the flow 

front was determined by a traditional volume of fluid approach i.e. A v̂̂  = A2V2 to give an 

approximate melt flow velocity (v^ = V2) at the end of the silica tube for a particular injection 

pressure that is: 

2{P,-P,-pgh) 

where: 

•Pj is the total injection pressure, which is the reading of the injection pressure gauge 

(relative to atmospheric pressure) plus atmospheric pressure: 

E.g. an injection pressure of 1 Bar = 1 x 1 P a +1.013x1Pa = 2.013x10^ Pa 

• P2 = == ^^ (atmospheric pressure) 

• is the density of the liquid metal, which was approximated to that of the solid 

=3260 kg/m^ - determined using Archimedes method 

• Aj the cross-sectional area of the crucible melt surface to which P̂  is applied: 

E.g. crucible inner surface area minus the outer cross sectional area of the silica tube 

=1.78x10"W 

• A^ the inner cross-sectional area of the silica draw tube 

=6.09x10'W and 

• h the silica draw tube height 

=0.06 m - assuming the change in depth of the crucible change is negligible upon 

injection, that is A^))A2), 
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Using these values the melt flow velocity in the silica tube was calculated for the injection 

pressures used, given in the VELOCITY 2 column in Table B. Again, using the volume of fluid 

approach i.e.A^v, = A2V2, the velocity of the charge drop in the crucible was calculated 

(VELOCITY 1). The cross sectional area of the rectangular mould cavity is 2.1x10"^m^ which was 

then used to determine the final velocity of the melt entering the mould (gate velocity, given as -

VELOCITY 3 in Table B). 

Table B: Calculated velocities for given cross-sections of the casting apparatus. 

RELATIVE INJECTION 
PRESSURE(BAR) P j X l O ' Pa VELOCITY 1 VELOCITY 2 VELOCITY 3 

1.0 2.013 0.264 7.71 22.34 
0.8 1.813 0.235 6.88 19.93 
0.7 1.713 0.220 6.43 18.61 
0.6 1.613 0.203 5.94 17.19 
0.5 1.513 0.185 5.40 15.64 
0.4 1.413 0.164 4.81 13.92 
0.3 1.313 0.141 4.13 11.95 

This method of calculation gives a maximum possible velocity entering the mould channel, 

neglecting friction effects of the wall of the silica tube and energy losses associated with flow 

system restrictions. 

Figure B: The designated velocity cross-sections for the apparatus from Table B. 
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A P P E N D I X C - DETERMINATION OF FLOW STRESS 

The method used to determine flow stress as opposed to peak stress when a stress overshoot 

occurs involves extrapolating the flow stress curve from beyond the stress overshoot back to the 

initial elastic region of the curve is indicated in Figure C(i) for the CaesMgigZngo BMG (from 

Figure 4.31). This method has been used by numerous research groups like in Figure C(ii) 

which is from the work of Kim et al. for the Cu54Ni6Zr22Tii8 BMG.̂ ®̂̂ ^ 

ra 
OL 
5 

u> 
u P 
(0 

0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 
STRAIN 

2.2 2.4 2.6 

Figure C(i): Flow stress determination for Ca65Mgi5Zn2o BMG tensile samples tested at 120 °C. 
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e 

Figure C(ii): Flow stress determination for the Cus4Ni6Zr22Ti,a BMG!^ 
[185] 
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APPENDIX D - CALCULATION OF NORMALISED VISCOSITY 

The steady-state flow stress can be prescribed according to the transition state theory of flow 

stress originally suggested by Spaepen̂ ®̂°', for uniaxial flow. I.e.: 

• • • u £ - sinh ^ 
i S k j 

where é̂  denotes a frequency factor, defined as a measure of the effective number of attempts 

per unit time to overcome a particular energy barrier, and expected to be constant for a given 

deformation temperature,é is the uniaxial strain rate and ay- the uniaxial flow stress. To 

determine the activation volume, V and the frequency factor, ¿̂  of a given glass at a particular 

temperature, flow stress and strain rate data at that temperature are plotted against one another 

as shown in Figure D for flow stress data generated for the Ca65Mgi5Zn2o BMG under uniaxial 

tension at 120 °C. Essentially, a curve is fitted to the data (using ORIGIN 6.0 Software) 

corresponding to the above formula (Eq. (2.34)), resulting in values of the activation volume, 

V and the frequency factor, ¿̂  of a given glass at a particular temperature. For the example 

below, m1 = f = 0.049229 and rr\2=V = 3.0581x10"̂ ° mm̂ . 

0.01 
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P 0.001 

i 
z 
i 
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y = m1 *((exp(rTi2*mO*(117)/... 
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m1 0.048229 107.42 
m2 3.0581e-20 6.6719e-17 

Chisq ^.^872e<J7 NA 
R 0.88163 NA 
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FLOW STRESS (MPa) 
15 

Figure D: Curve fitted to the tensile flow stress and strain rate data for the Ca65Mgi5Zn2o BMG 
for samples tested at 120 and corresponding V - and ¿^ - values. 
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Viscosity can also be defined in terms of the free-volume model by combining Eq. (2.32) with 

Eq. (2.34) to give: 

3£^smh(afV/2SkJ) 

Newtonian viscosity {7j^)\s expected at high temperatures and low stresses, so Eq. (3.15) can 

be rewritten as:̂ ®̂̂ '̂®®̂  

^N = 
i S k J 

Based on the work of Bletry et al.,̂ ®̂®'̂®®̂  normalised viscosity (z;/;;^ ) can be determined by: 

ri (TfVllSkJ 
Tjj, smh{(Tfy/2^i3kJ) 

Equation (3.17) was used to construct the viscosity master curves shown in Figure 3.44 and 

Figure 4.34 in terms of rj/rij^ as a function of G f V T for all homogeneous flow data. 

The master curve successfully demonstrates Newtonian flow in the supercooled state at higher 

temperatures and lower strain rates where normalised viscosity is unity. Table D shows the 

results for the Ca65Mgi5Zn2o BMG under uniaxial tension from 110°C to 120 °C. 

Table D: Normalised viscosity caculations for the Ca65Mgi5Zn2o BMG under uniaxial tension 

from 110°C to 120 

T 
(°C) 

T 
(K) 

a 
(MPa) 

8 
(s") (Pa.s) 

aV/lSkeT sinh((jv/2SksT) oVllSksT 
sinh(i7V/2V3^5r 

120 393 14.5 1.0E-03 4.83E+09 0.0236 0.02361 0.99991 

120 393 6.03 7.5E-04 2.68E+09 0.00982 0.00982 0.99998 

120 393 4.56 5.0E-04 3.04E+09 0.00742 0.00742 0.99999 

120 393 2.42 2.5E-04 3.23E+09 0.00394 0.00394 1.00000 

120 393 1.31 1 .OE-04 4.37E+09 0.00213 0.00213 1.00000 

115 388 12.5 1.0E-03 4.17E+09 0.06137 0.0614 0.99937 

115 388 11.9 7.5E-04 5.29E+09 0.05842 0.05845 0.99943 

115 388 10.8 5.0E-04 7.20E+09 0.05302 0.05305 0.99953 

115 388 4.85 2.5E-04 6.47E+09 0.02381 0.02381 0.99991 

115 388 3.49 1.0E-04 1.16E+10 0.01713 0.01713 0.99995 

110 383 20.5 1.0E-03 6.83E+09 0.18476 0.18581 0.99433 

110 383 21.3 7.5E-04 9.47E+09 0.19197 0.19315 0.99388 

110 383 26.1 5.0E-04 1.74E+10 0.23523 0.23741 0.99084 

110 383 12.1 2.5E-04 1.61 E+10 0.10905 0.10927 0.99802 

110 383 10.2 1.0E-04 3.40E+10 0.09193 0.09206 0.99859 
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APPENDIX E - CALCULATION OF STRAIN RATE SENSITIVITY 

The relationship between log stress {afi and log strain rate ( ^ ) in the SCL region for a BMG can 

be expressed by Eq. (2.30), af = Ki"", The average strain rate sensitivity exponent (used to 

construct Figures Figure 3.47 and 4.37 was calculated for a particular strain rate interval using: 

_ 3 log a 
m = f 

dloge 

for that particular interval. 

E.g. for the first strain rate interval shown in Table E: 

Now, 

a log = log(87400000) - log(57600000) = 0.181 

a log £ = log(0.1) - log(0.05) = 0.301 

3 log (J. 
m = ^ = 0.602 

d\og€ 

Calculated values for the average the average strain rate sensitivity of a given interval for the 

Mg65Cu25Yio BMG flow stress data at 170 °C can be seen in Table E. These data values, 

together with those for all other intervals were plotted on a Temperature/log Strain Rate plot and 

an average contour map was developed in terms of m from these data points. 

Table E: Caculated m -values and associated data for given strain rate intervals at 170 °C for 

TEMP (°C) a/-(MPa) ¿(/s) d log a^ dlogé m for interval 

170 
87.4 0.1 0.181 0.301 0.602 170 
57.6 0.05 

0.181 0.301 0.602 

170 
57.6 0.05 0.581 0.698 0.832 170 
15.1 0.01 

0.581 0.698 0.832 

170 
15.1 0.01 0.365 0.301 1.21 170 6.52 0.005 

0.365 0.301 1.21 

170 
6.52 0.005 0.814 0.698 1.16 170 1 0.001 

0.814 0.698 1.16 
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APPENDIX F - CALCULATION OF INJECTION VELOCITY (II) 

For the production of the Ca65Mgi5Zn2o BMG bars the induction-heated die caster was 

constructed with a much larger casting chamber than that of the apparatus used to manufacture 

the MgesCuasYio BMG bars. Hence the assumptions made with respect to velocity calculation 

were no longer valid and it became necessary to develop a more accurate method of velocity 

calculation than the simple Bernoulli approach. Firstly, calculations were made to determine the 

amount of pressure PR required to move a known mass of fluid a specified distance to the mould 

gate using:̂ ^®^̂  

PR=Po^P8h 

where: 

' Po=^ .013x10® Pa (atmospheric pressure) 

• is the density of the liquid metal, which was approximated to that of the solid 

=2120 kg/m^ - determined using Archimedes method 

• h the silica draw tube height 

=0.08 m - assuming the change in depth of the crucible change is negligible upon 

injection, that is Aj))i42), 

• g the acceleration due to gravity 

=9.8 m/s^ - determined using Archimedes method 

Calculating using these values: 

= 1.013 X10^ + (2120 X 9.8 X 0.08) = 1.030 x 10^ Pa 

Now, pressure in this case is supplied by the argon gas. Pressure of a fluid is considered to be 

generated by a certain number of atoms or molecules (argon in this case) colliding with the 

walls of the vessel in which they are contained, ly is reasonable to assume argon behaves as 

an ideal gas, with the number of moles of gas required to generate the above required pressure 

determined using: 

P^y = nRT 

• V is the volume of the injection system calculated to be 6.17x10"^ m^ 

• R the universal gas constant = 8.31451 J/Kmol 

• T is the gas temperature = 300 K 
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Now, the chamber is already at atmospheric pressure, so there are already a certain number of 

moles of gas present. Calculating the increase in the number of moles of gas required to raise 

the pressure to : 

- - 4 .205X10- moles 

Knowing the pressure (number of moles of argon in a specific volume) required to raise the 

charge material to the mould gate, the time required to achieve this pressure in the casting 

chamber may be calculated by a knowledge of the mass flow rate, M of the gas flowing into 

the chamber for a given injection pressure, which, neglecting gas injection tube wall friction may 

be calculated using: 

M P2-P, ^ M p 
P2 RT 2 

where: 

• M is the molecular mass of the gas (argon = 0.039948 kg/kgmol) 

• P2 is the total injection pressure, which is the reading of the injection pressure gauge 

(relative to atmospheric pressure) plus atmospheric pressure: 

e.g. an injection pressure of 2.2 Bar = 2.2x10^ Pa + 1 . 0 1 3 x 1 P a = 3 . 2 1 3 x 1 P a 

• Fj = = 1.013x10^ Pa (atmospheric pressure) 

• A is the inner cross-sectional area of the gas injection tube =1.964x1 

Rearranging and calculating for an injection pressure of 2.2 Bar gives: 

M = A . 964x10"^ 
pRTln{PjP,) ' ^ 

-0.03995x((3.213xl0^)'-(1.013x10^)^) 
2x8.315x300xln(1.013xl073.213xl0^) 

=0.0157 kg/s 

Using this value of mass flow rate, the volume flow rate may now be determined simply using 

the following density relationship (density of argon gas is 1.623 kg/ m^ at 300K): 

M ^ 0 ^ ^ ^ JQ-3 ^3/3 ^ 9 ^ 7 3 L/s 

p 1.623 
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Since a value of the molar flow rate is required (to raise the chamber pressure to a molar 

equivalent of 1.030 moles), the previous result can be converted, again assuming one mole of 

an ideal gas occupies 24.465 L the molar flow rate is determined to be: 

9 673 
Molar Flow Rate = = 0.395 mol/s 

24.465 

Now, the time required for the charge to reach the mould gate can be calculated by: 

0.395 

Since the mass flow rate is constant, it must be assumed that the velocity in the silica tube is 

constant, which can be calculated by dividing the displacement of the molten metal in the silica 

tube by the time it takes to travel that distance, i.e.: 

VELOCITY: 
0.08 

0.0106 
= 7.556 m/s 

This value of velocity is the maximum possible value for velocity, M̂AXt (neglecting wall friction 

and flow path restrictions) and should be corrected due to the presence of a flow restriction 

upon entering the silica tube, depicted below: 

er, sharp = 2 

Losses associated with the tube entrance, could be calculated for a given injection pressure by 

using a discharge coefficient, Co, where the corrected velocity v^ can be found using:̂ '®'̂  

v^ = C^v MAX 



APPENDIX F 

where 

1 
— + e. 

where /3 is the velocity distribution factor for the cross section, which is approximated as unity 

for turbulent flow, ^̂ ^̂ ^ and Cf, the friction loss factor for a sudden contraction is given as:̂ ^̂ "̂ ^ 

Cf = 0.5 
/ 

where As and A^ are the cross section areas of the smaller and larger sections in the fluid 

circuit, respectively. This value is further corrected by a ratio associated with the type of 

entrance to the restriction. Hence: 

v.. = 
1 r 0.5 X 

Cr sharp 
X V MAX 

/ 
/ 

= 1 + 0.5 
\ 

1 -
6.08212x10"' 
5.20719x10"^ 

x 2 x7.556 = 5.5057 m/s 

The maximum velocity of the flow front upon entering the mould gate, vgate, was determined by 

a traditional conservation of fluid volume approach, i.e. AjVj = A2V2 with respect to the 

decrease in channel cross section area. Discharge coefficient corrections for the type of 

restriction at the mould gate shown below were made in a similar manner to that described 

above. 

Given: 

Ai the inner cross-sectional area of the silica draw tube =6.08212x10" m 

4 the cross sectional area of the rectangular mould cavity is =2.1x10'^m 

m 

Calculating: 

_ ^ ^ _ 6 . 0 8 2 1 2 x l 0 - - x 5 . 5 0 5 7 ^ ^ ^ ^ ^ ^ ^^^ 
^MAXGATE ^ 2.1X10"^ 
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ef, sharp " 

Making corrections for the restriction entry into the mould pattern as shown above: 

GATE 
1 r 0.5 

V y 

r X 
X 

e. sharp 
X V MAXGATE 

Calculating: 

V GATE 

/ 
/ 

1 + 0.5 
\ 

2.1x10"' ^ 
6.08212x10 -5 

r X 
X X 15.786 

=14.799 m/s 

= The calculated velocity of the molten metal flow front upon entry to the mould pattern for an 

injection pressure of 2.2 Bar. 

This calculation was carried out for all injection pressures used, as represented by the velocity 

scale in Figure 4.25. 
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A P P E N D I X G - CALCULATION OF SAMPLE COOLING RATE 

To estimate the cooling rate curves for CaesMgisZrigo BMG bars given in Figure 4.24, firstly the 

interfacial heat transfer coefficient for copper mould casting h must be estimated. This was 

achieved using critical cooling rate data gathered for a sample of diameter 6 mm as the cross 

section area and surface area of this sample is comparable to that of the as-cast bars. From this 

data, the average cooling rate from the casting temperature was determined to be 357 °C/s. 

Since the cavity in the mould has a circular cross section of various diameters, by assuming that 

the heat flux is interface-controlled (neglecting frictional effects between the casting and mould 

wall), the heat leaving the volume element (casting) is equal to heat entering the mould which 

may be described by:̂ "̂̂ '̂ 

dT _ 
dt VCpP 

where: 

• T^CAST^^^ injection/casting temperature, e.g. 420 °C = 693 K. 

•V is the volume of metal present in the mould 

• A is the surface area through which the heat is being transferred (i.e. between the casting 

and the mould wall). 

• /7is the density of the metal, determined to be 2120 kg/m^ using Archimedes principle 

(assumed to be constant for calculations). 

'Cp is the heat capacity of the alloy, which was estimated using the rule of mixtures and 

the individual heat capacities of the alloy constituents, i.e.: 

Ca = 650 J/K.kg 

Mg = 1020 J/K.kg 

Zn = 390 J/K.kg 

Calculating: 

C = ( 0 . 6 5 x 6 5 0 ) + (0.15x1020)+ (0.20x390) = 653.5 J/K.kg 
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Rearranging and calculating for a sample of length L: 

h dT 
dt 

[nr'h)c Pp = 357x [;rx(3xl0-^)')x653.5x2120 
(693-300)x(2x;rx3xl0~^) -1888 W/m'K 

Now, the cooling rate of the sample is given by:̂ ^̂ ^̂  

dt VC,p = -hAiT-TJ 

Here A is the surface area through which the heat is being transferred (i.e. between the casting 

and the mould wall). This equation can be used to determine the change (drop) in temperature 

for small increments in time for a given temperature interval. Rearranging this expression, and 

dividing by the sample length, in the volume and surface area terms in order to get a cooling 

rate at any point on the surface (this is a dynamic casting system where the metal is flowing in a 

channel) i.e.: 

dT = - VC,p {ZxWxh)CpP dt 

where Z , W and L are the thickness, width and length of the casting respectively. As an 

example, the temperature drop for a point on the casting surface for the first 0.01 seconds of 

cooling at a casting temperature of 600 °C (873 K) with an equilibrium mould temperature ( T J 

of 27 °C (300 K) may be found to be: 

AT = 1888 X (2 X (0.00315 + 0.007)) x (873 - 300) 
(0.00315x0.007)x653.5x2120 x0.01 = 7.22 °C 

Now, by subtracting the above answer from the initial temperature of 600 °C (873 K), the 

temperature drop for the next 0.01 second interval may be calculated i.e.: 

1888x(2x(0.00315+0.007))x((873-7.134)-300)^^^^^_^ ^^^^ 
(0.00315x0.007)x653.5x2120 
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As an example, TABLE G shows the calculated temperature drop for the first 0.2 s in 0.01 s 

intervals for a casting temperature of 600 °C. The calculated cooling curves are given in Figure 

4.24. 

TABLE G: Calculated temperature decrease for a CaesMgisZnao BMG bar sample cast at 

TIME (s) TEMP DROP TEMP(X) TIME (s) TEMP DROP TEMP (°C) 
0 0 600.000 

0.01 7.219 592.781 0.11 6.355 525.430 
0.02 7.128 585.653 0.12 6.275 519.155 
0.03 7.038 578.615 0.13 6.195 512.959 
0.04 6.949 571.667 0.14 6.117 506.842 
0.05 6.861 564.806 0.15 6.039 500.803 
0.06 6.774 558.032 0.16 5.963 494.840 
0.07 6.688 551.345 0.17 5.887 488.952 
0.08 6.603 544.741 0.18 5.813 483.140 
0.09 6.519 538.222 0.19 5.739 477.400 
0.10 6.437 531.785 0.20 5.667 471.734 



APPENDIX H 

APPENDIX H - CALCULATION OF CHAMBER PRESSURE INCREASE 

To estimate the pressure increase curves given in Figure 4.24, a model was developed. The 

model simplifies the increase of pressure in the chamber by considering the injection gas as a 

flow front in a long tube of nominal diameter (pressure being non-geometry specific). The 

increase in pressure is then considered as the fraction of the progression of this flow front. 

Assuming argon behaves as an ideal gas, the number of moles of gas required to generate a 

given pressure can be determined using: 

PV = nRT 

• P is the pressure applied to the vessel wall by the gas 

• y is the volume of the closed injection chamber, calculated to be 2.32x10"^ m^ 

• n is the number of moles present 

' R the universal gas constant = 8.31451 J/Kmol 

• r is the gas temperature = 300 K 

In this case, V , R and T are considered constant so to calculate the number of moles required 

to raise the pressure inside a sealed vessel from Pj to P2 we can use: 

Here, the example of an injection pressure of 2.2 Bar (2.2 x 10^ Pa) will be used such that: 

. p̂  = p^ = 1.013x10^ Pa (initial chamber pressure equals the atmospheric pressure) 

• P2 is the total injection pressure, which is the reading of the injection pressure gauge 

(relative to atmospheric pressure) plus atmospheric pressure: 

e.g. an injection pressure of 2.2 Bar = 2.2x10' Pa + 1.013x1 o' Pa = 3.213x1 o' Pa 

(This is the pressure that the chamber approaches when the mould vent is sealed). 

• n is the number of moles initially in the chamber when held at atmospheric pressure. 

• «2 is the number of moles in the chamber when held at a pressure of 3.213x10^ Pa 
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Calculating n. 

Calculating n^ 

n. PV 1.013x10'x2.32xl0 - 3 

RT 8.31451x300 
= 0.0942 moles 

= 
_ P̂ n̂  _ 3.213x10^x0.0942 

1.013x10-
= 0.2988 moles 

Now the number of moles required to raise the chamber pressure to P2 is the difference 

between n^ and «2, which is equal to 0.2045 moles for this example. Converting the number of 

moles required to the volume of gas required, again assuming one mole of an ideal gas 

occupies 24.465 L the required volume is determined to be: 

Required Volume 5.003x10-^ m^ 
1000 

As pressure builds within the chamber, the flow rate of the injected gas decreases (to zero) until 

the chamber pressure is equal to the injection pressure. Using the aforementioned model, a 

volume of 5x10'^ m^ is the equivalent of a tube of diameter 5 mm (identical to the inner diameter 

of the injection outlet) and a length, L , of 254.85 m. Using the methodology to determine the 

volume flow rate determined in APPENDIX F, the initial velocity of the flow front in the tube can 

be calculated. Calculating for an injection pressure of 2.2 Bar gives: 

M = A . 
pRTln(PjP,) 

964x10 - 5 -0 .03995x((3.213xl0 ' ) ' - (1 .013x10' ) ' ) v5\2 

2x8.315x300xln(1.013xl073.213xl0') 

=0.01577 kg/s 

Using this value of mass flow rate, the volume flow rate may now be determined simply by using 

the density relationship (density of argon gas at atmospheric pressure is 1.623 kg/ m^ at 300K): 

y = — = 
P 

M 0.01577 = 9.7165x10'^ m'/s 
1.623 
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By dividing this value by the cross sectional area of the tube model, the initial velocity of the flow 

front may be calculated: 

9 .7165x10" ' 
V,. = ^ = 493.47 m/s 

' 1 .9635x10- ' 

Using boundary conditions i.e. the final velocity of the flow front is zero, the basic motion 

equation may be used to calculate the 'deceleration' of the volume flow rate as pressure in the 

chamber increases: 

v^ +2aL 

where: 

• V is the final velocity, which is zero once the chamber pressure has reached the injection 

pressure. 

• M = V. is the initial velocity, which for the tube model was calculated to be 493.47 for an 

injection pressure of 2.2 Bar. 

• L is the distance of the tube in the model, which for 2.2 Bar was calculated to be 

254.85 m. 

• a is the 'deceleration' value. 

For an injection pressure of 2.2 Bar, a can be calculated as: 

vf 493.47' . . . . . . o 
a = —- = = -All.151 m/s 

2x 2x254.85 

Now, using the tube model, the displacement x of the gas front in the tube may also be 

calculated using the basic motion equation: 

x = v.t + aty2 

Calculating for an injection pressure of 2.2 Bar and a time increment of 0.01 s: 

x = 493 .47x0 .01 -477 .757x0 .01 ' =4.887 metres 
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From this calculation, the fraction of the total volume in the tube (model) that has been injected 

into the system can be calculated, using the total length of the tube, L in the model i.e. 

r 4 RR7 
FRACTION OF GAS INJECTED = - = = 0.1917 

L 254.85 

Since this tube model volume is based on the number of moles required to fill a volume, this is 

equivalent to the fraction of the total moles required to generate a final chamber pressure of 

3.213x10^ Pa (or a change in pressure A P of 2.2 Bar). For the current example: 

f • \ 

\ 

- x P , 
L / 

-P, =(l.013xl0' + [0.1917x2.2xl0^])-1.013xl0^ =4239 Pa 

An example of calculations for an injection pressure of 2.2 Bar for the first 0.2 s of injection 

casting is given in Table H. The calculated pressure increase curves are given in Figure 4.24. 

Table H: Calculated pressure increase for the injection chamber for the first 0.2 s of injection 

casting. 
TIME (s) FRACTION AP(Pa) TIME (s) FRACTION AP(Pa) 

0.00 0.000 O.OOE+00 
0.01 0.019 4.24E+03 0.11 0.202 4.44E+04 
0.02 0.038 8.44E+03 0.12 0.219 4.81 E+04 

0.03 0.057 1.26E+04 0.13 0.236 5.19E+04 

0.04 0.076 1.67E+04 0.14 0.253 5.56E+04 

0.05 0.094 2.08E+04 0.15 0.269 5.93E+04 

0.06 0.113 2.48E+04 0.16 0.286 6.29E+04 

0.07 0.131 2.88E+04 0.17 0.302 6.65E+04 

0.08 0.149 3.28E+04 0.18 0.318 7.00E+04 

0.09 0.167 3.67E+04 0.19 0.334 7.35E+04 

0.10 0.184 4.05E+04 0.20 0.350 7.70E+04 
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A P P E N D I X I - DETERMINATION OF LOCAL; ACTIVATION ENERGY, 

AND AVRAMI EXPONENT 

Considering an isochronal transformation is basically a continuous successions of infinitesimal 

isotherms (as done by Augis and Bennett)̂ °̂®^ The calculation of the local activation energy 

associated with a single heating rate (20 °C/min or 0.33 X/s), was determined by plotting 

XniPlT-T^ ) as a function of MRT, (similar to the work of Augis and Bennett)̂ °̂®^ From this 

plot, the slope of the individual data intervals (which equals the local activation energy) was 

calculated, the results of which can be seen in Figure 5.8 for both the MgesCugsYio and 

Ca65Mgi5Zn2o alloys. 

An example of this calculation for the temperature interval between 144 °C (417 K) and 146 °C 

(419 K) for the CaesMgisZngo BMG is given using the following data: 

•The onset completion {T^^gĵ p) temperatures of crystallisation were 

determined to be: 7 ; = 132 X = 405 K and T^OMP = 158 °C = 431 K. 

•The heating rate for this test was 20 °C/min or in SI units, 0.33 °C/s 

Calculating S\n{j3/(T -T^j^^)): 

S\n{fi/{T - )) = [ln(0.333/(417 - 4 0 5 ) ) ] - [ln(0.333/(419 -405) ) ] = 0.154 

Calculating Sl/RT : 

= [1/(8.315x417)]- [1/(8.315x419)] = 1.377x10" 

Now, calculating to determine the local activation energy, E^ for the given temperature interval: 

_ S ln(yg/(r - )) ^ — - g ^ j l — 111970 = 111.97 kJ/mol 
S l i R T 1.377x10- ' 

\-6 
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The well known Kissinger equation̂ ^̂ ®^ may be used to analyse the crystallisation kinetics and 

determine the activation energy of the crystallisation reaction (and the glass transition) for 

characteristic temperatures at a given heating rate (non-isothermal event), given by: 

In P 

\ p 

+ constant 

where P is the heating rate, E^. is the activation energy for crystallisation, T^ is the 

characteristic or peak crystallisation temperature and R is the universal gas constant. It is also 

known that k = E^. IRT). The Avrami exponents [n) for isochronal heating 

(constant heating rate conditions) may be calculated using the Ozawa method,̂ ^̂ ^̂  where the 

crystallised volume fraction (Xy ) can be expressed by: 

X y = \ - exp 
/ 

k ' 

\ p 

where again, A: is a reaction rate constant and an initial temperature. The value of n can be 

obtained from the plot of - x ) ] against log . Now, this relationship may be 

combined with the Kissinger equation to obtain the local Avrami exponent for data gathered 

from a single isochronal DSC trace by relating log to log(r^)^ =21og(r^) through k . 

HereTp, the characteristic temperature is represented by T - T ^ . Hence the local Avrami 

exponent can be calculated for a given temperature and crystallised fraction interval by: 

n = 
^ l o g ( - l n ( l - X j ) 

S \ o g { T - T j x 2 

An example of this calculation for the temperature interval between 144 °C and 146 °C for the 

CaesMgisZnao BMG is given using the following data: 

-The onset ( I J a n d completion (TCOMP) temperatures of crystallisation were 

determined to be: = 132 ° C = 405 K and T^OMP = 158 °C = 431 K. 

•At 144 °C (417 K) the volume fraction {Xy ) of crystalline phase was determined to be: 

X y = 0.3345 (determined using Thermal Advantage Version 1.1a) Software, which 

uses the fraction of the area under the DSC curve between T^, (onset) and T^^ (finish). 
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'146 °C (419 K) the volume fraction (X^) of crystalline phase was determined to be: 

0.5943 

Calculating <^log(-ln(l - X^)) : 

^ l o g ( - ln( l - X y ) ) = [ log(- ln( l - 0.5943))]- [ log(- ln( l - 0.3345))] = 0.3453 

Calculating i^(log(r - T J ) x 2 : 

i^(log(r -Tjx2) = [(log(419 - 405))x 2 ] - [(log(417 - 405)) x 2] - 0.1339 

Now, calculating to determine the local Avrami exponent n for the given temperature and 

transformation interval: 

Slog(T-Tjx2 0.1339 

The local Avrami exponents for both the Mg65Cu25Yio and Ca65Mgi5Zn2o alloys upon isochronal 

heating/crystallisation are shown in Figure 5.9. 
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A P P E N D I X J - ANGEL PLOT CONSTRUCTION 

The concept of fragility was introduced by Angell̂ ®®"®®̂  to characterise the increase in liquid 

viscosity during cooling; it is considered to be a measure of the degree of co-operativity of 

atomic motion. Fragility of liquids is defined as the apparent activation energy of shear 

viscosity, T], or structural relaxation time at the glass transition temperature, Tg, normalised to 

[66-68] Generally, to compare the fragility of different glassy materials, a plot, known as an 

'angel plot' was developed to normalise the viscosity of the glass to a value of Pa.s. This 

was done by plotting Newtonian flow data in the form of viscosity over inverse temperature as 

shown below. Curves were fitted to this data and extrapolated to Pa.s. From the 

intersection at Pa.s, the value of Tg* was determined. This value was then used to 

normalise viscosity/temperature for a direct comparison of the two glasses and others as seen 

in Figure 5.16. 

1.E+13: 

1.E+12:-

• 
(Z 

t 1.E+11 i 

>-I-
S) o 
o 
(0 

1.E+10i 

1.E+09 

1.E+08 
2.4 2.5 2.6 

1 / r (1 /K) 

Figure J: Curve fitted to the Newtonian viscosity data and extrapolated to Pa.s to 

determine Tg . 
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