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Bulk metallic glasses (BMGs) offer a great deal of potential through their near-theoretical 

strength, potentially high toughness and unique forming and molding traits. However, 

there are still a number of outstanding issues that bar their widespread use. This thesis 

describes the investigation of three research questions each designed to further the 

scientific community’s understanding of BMGs. First, the strong fatigue properties of 

Zr52.5CU17.9Ni14.6Al10Ti5 BMG were explored as a function of the ambient environment 

by testing in ambient air (20 to 40 % relative humidity) and a dry inert nitrogen 

environment. It was found that in both environments Zr52.5CU17.9Ni14.6Al10Ti5 exhibited a 

relatively high fatigue threshold of ~2 MPa√m and lacked the environmentally influenced 

stress insensitive fatigue crack growth rate plateaus observed in other Zr-based BMGs 

tested in ambient air. Additionally, the author hypothesized that the root cause of the 

fatigue plateaus in Zr-based BMGs is a reactive species in the ambient air, though not 

water itself. Second, the effect of sample size upon the fracture properties of BMGs was 

explored. SE(B) and C(T) BMG test samples of composition Zr52.5CU17.9Ni14.6Al10Ti5 and 

varying un-cracked ligament sizes were tested. It was found that all samples that 

conformed to the KIC standards found in ASTM E399 regardless of un-cracked ligament 

size had statistically similar values of KIC. However, comparing these results to samples 

only conforming to the J-integral standards found in ASTM E1820 showed higher values 

of KJ by a statistically significant margin. Additionally, sub-sized samples (those which 

did not conform to either KIC or J-integral requirements) were found to show an increase 



in conditional stress intensity factor, KQ. These results are of particular interest as they 

are in contrast to reported results for crystalline metals. It was concluded that there are no 

size effects in samples that conform to the KIC standards; however, size does affect results 

for samples analyzed by the J-integral method. The author hypothesized that the size 

dependence of the J-integral method is the result of the strain softening behavior of 

BMGs which is in contrast to the strain hardening behavior expected in the J-integral 

method. Additionally, the author hypothesized that the increase in KQ in sub-sized 

samples is the result of the size dependent plasticity reported for BMGs at small sample 

sizes. Finally, the mechanical effect of the slow β relaxation in BMGs was explored. 

Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG samples were tested by dynamic mechanical analysis 

(DMA), isothermal aging near the slow β relaxation temperature and compression testing. 

The results of DMA testing revealed the slow β relaxation temperature for 

Au49Ag5.5Pd2.3Cu26.9Si16.3 to be ~50 ºC. Isothermal aging revealed that at the slow β 

relaxation temperature, two specific effects are taking place; an initial quick drop in 

elastic modulus followed by a slow rise in elastic modulus. Compression testing was 

performed using as-cast and heat treated samples at a minimum observed elastic 

modulus. These compression tests revealed a statistically insignificant decrease in 

compressive strength with heat treatment. The author hypothesized that the microscopic 

cause of the two phase slow β relaxation is similar to a previously reported process in 

silicate oxide glass. The author hypothesized that the two phases corresponded to; first, 

the low density flow units in the BMG spontaneously collapsing, locally stressing the 

surrounding high density matrix, second, with continued thermal energy, the local 

stresses being uniformly released into the collapsed flow unit, stressed matrix and 

surrounding high density matrix allowing the BMG to microscopically form shear 

transformation zones. These results and hypothesis hope to further the understanding of 

BMGs and enhance their use in scientific, commercial and industrial applications.  
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ADVANCING THE UNDERSTANDING OF BULK METALLIC 

GLASSES AS STRUCTURAL MATERIALS THROUGH 

EXPLORATION OF MECHANICAL PROPERTIES 

1 INTRODUCTION 

 Materials can be found at the heart of all physical engineering and manufacturing 

products and processes. The appropriate selection and application of materials can mean 

the success or failure of processes from stapling a stack of papers to landing a rover on 

Mars and everything in between. Materials can be selected to take advantage of thermal, 

optical, magnetic, electric, chemical, structural, and aesthetic properties. As the demand 

for advanced engineering applications increases and the supply of freely available natural 

resources dwindles, increasing pressure is placed upon the appropriate use of materials. 

Technological advancement is often halted due to a lack of appropriate materials. It is 

therefore not unreasonable to consider materials to be the foundation of modern 

engineering. It is for these reasons that the development of new materials and the 

research field of materials science are so important to the growth of engineering and 

technology. 

1.1 STATEMENT OF THE RESEARCH QUESTIONS 

 The following thesis will describe experiments and analysis performed upon bulk 

metallic glasses (BMGs) of two specific compositional groups. These two groups are 

defined by the nominal BMG compositions (all compositions in this thesis are given in 

atomic percent) of Au49Ag5.5Pd2.3Cu26.9Si16.3 and Zr52.5Cu17.9Ni14.6Al10Ti5 (trade named 

Vitreloy 105). These two compositions are focused upon due to their intriguing potential 

that sets them apart from similar BMG compositions. Experimentation, results and 

discussion concerning these two BMG compositions will be presented in order to attempt 

to answer three separate research questions. Additionally, the author will present 

hypotheses that are meant to serve as the inspiration for future work. Each of these 

research questions are connected as they all attempt to advance and fill out the scientific 
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community’s understanding of BMGs in order to better tap into their potential as a 

structural and engineering material. 

 Can the reportedly strong properties of Zr52.5Cu17.9Ni14.6Al10Ti5 with respect to 

other Zr-based BMGs in fatigue be attributed to insensitivity to the negative effects of the 

ambient environment? The improved fatigue strength of Zr52.5Cu17.9Ni14.6Al10Ti5 offers 

hope of a solution to the poor fatigue properties that plague many Zr-based BMGs. 

However, the specific reason for this improvement is as of yet undetermined. Given the 

desire to use Zr-based BMGs in high cost applications, potentially including biomedical 

applications, more favorable fatigue properties are required. Therefore, the possible 

effects of the ambient environment upon the fatigue properties of Zr52.5Cu17.9Ni14.6Al10Ti5 

were explored and will be presented and discussed in this thesis. 

 Do current fracture toughness standards for crystalline metals work when applied 

to BMGs at small sample sizes? While current fracture toughness standards offer size 

limitations on samples, they apply equally for all samples that “make the cut”. However, 

BMGs offer a number of properties not seen in crystalline metals such as strain softening 

and a critical thickness for bending ductility. It is vitally important that there be accurate 

measurement of fracture toughness for all sizes of BMG samples. Therefore, possible size 

effects to fracture toughness were explored in Zr52.5Cu17.9Ni14.6Al10Ti5 and will be 

presented and discussed in this thesis. 

 Does the slow β relaxation affect macroscopic mechanical properties in BMGs? 

Au49Ag5.5Pd2.3Cu26.9Si16.3, which can be classified as 24 carat gold, has a relatively low 

glass transition temperature and therefore relatively low α and slow β relaxation 

temperatures. These low thermal values, which fall in the BMGs intended operating 

temperature range, necessitate an exploration into the effects of the slow β relaxation 

upon macroscopic mechanical properties. Additionally, little is known about the slow β 

relaxation in BMGs and its effect upon macroscopic mechanical properties. Therefore, 

the effects of the slow β relaxation upon the macroscopic properties of elastic moduli and 
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compressive strength in Au49Ag5.5Pd2.3Cu26.9Si16.3 were explored and will be presented 

and discussed in this thesis. 
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2 BACKGROUND 

2.1 BULK METALLIC GLASSES 

 Amorphous metals and BMGs are a relatively new class of materials which are 

defined as metals or metal alloys exhibiting no long range crystal structure or order. 

BMGs are defined as amorphous metals exhibiting a critical size (e.g. diameter of a 

cylindrical rod or smallest cross-sectional dimension of a rectangular bar) of at least 1 

mm [1]. The first research concerning the purposeful creation of an amorphous metal was 

published in 1960 when Klement et al. determined that a thin film of a 25 atomic percent 

silicon-gold alloy quenched from 1300 °C to room temperature exhibited an amorphous 

structure [2]. Estimates for the cooling rate of this original experiment were 10
6
 K/s, 

which severely limited the critical size of bulk samples [3-5] At the time of the original 

experiment, Klement et al. theorized that, given high enough rates of cooling, it could be 

possible to achieve an amorphous structure in any metal or alloy [2]. However, there are 

no known metals and very few metallic alloys which will naturally form a glass upon 

cooling [5]. Therefore, the limiting factor in the creation of amorphous metals and BMGs 

can be attributed to the required cooling rate to form an amorphous solid before 

crystallization can occur. An example time-temperature-transformation (TTT) diagram 

detailing  the required cooling to form a BMG is displayed in Figure 1 for the 

Zr41.2Ti13.8Cu10.0Ni12.5Be22.5 BMG system [6]. 
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Figure 1 : Time-temperature-transformation (TTT) diagram for 

Zr41.2Ti13.8Cu10.0Ni12.5Be22.5 BMG. Reproduced with permission from [6]. 

It can be seen in Figure 1 that, as a material cools from above the liquid 

temperature, Tlq, it enters a supercooled liquid region. In order to form a glass, be it 

metallic or otherwise, the supercooled liquid must drop in temperature below the glass 

transition, Tg, before it reaches the crystalline state. This process in metals can be very 

difficult for certain compositions. However, with others this process is much more 

reasonable. For example, in the Zr41.2Ti13.8Cu10.0Ni12.5Be22.5 system shown in Figure 1 the 

minimum crystallization time is a reasonable 60 sec at 622 °C (895 K) [6].  

The critical size of BMG samples can also be attributed to the required cooling 

rate [5, 7]. It could be possible to increase the applied rate of cooling, and indeed there 

have been attempts to create quick-cooling devices designed to create larger amorphous 

ribbon bands [8]. However, the majority of BMG research from the materials science 

perspective has focused upon reducing the required cooling rate from the material’s 

perspective. In the early 1980s, Kui et al. were able to create a BMG with a critical 

dimension of 0.6 cm from a Pd40Ni40P20 melt at a cooling rate of 1 K/s [9]. Throughout 

the 1990s and 2000s many alloys have been developed and reported with critical sizes 

greater than 1 mm with base elements of lanthanum [10], zirconium [11, 12], magnesium 

[13], iron [14], copper [15], palladium [16, 17], nickel [18, 19], and platinum [20] (in 

order of their first discovery). In addition, Greer et al. report that between 1993 and 2006, 
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BMGs with critical sizes greater than 1 cm have been reported for compositions with 

base zirconium, palladium, neodymium, lanthanum, yttrium, calcium, platinum, copper, 

magnesium, titanium, iron, and cobalt [5]. Through much research into the 

thermodynamic and kinetic factors that affect glass forming ability (GFA), it has been 

found that the best GFA results from three main factors. These factors dictate that a high 

GFA composition should have: 1) a low fusion entropy (indicating a small free volume 

and the tendency to develop short-range order as a supercooled liquid [6]), 2) an enthalpy 

which will result in a low thermodynamic driving force for crystallization and 3) low 

atomic mobility [5, 21]. Atomic compositions which fulfill these factors are often alloys 

with compositions near a eutectic composition and which have large magnitude negative 

heats of mixing [21]. 

 While BMGs offer a number of intriguing qualities (which are discussed in 

Sections 2.4 and 2.5) they are materials which were largely born out of scientific research 

as opposed to public market demand [4]. As a result, attempts have been made to apply 

BMGs to a wide range of applications including medical tools [22], biomedical implants 

[23], high end jewelry [24], golf club heads [25], and smart phone cases [26]. 

Complicating commercial application; in even the most studied BMG: 

Zr41.2Ti13.8Cu10.0Ni12.5Be22.5 (trade named Vitreloy 1) [12] there are unresolved issues 

with basic mechanical properties. In all cases additional research is necessary into the 

complex nature of BMGs and amorphous metals in order to better unlock their full 

potential. 

2.2 THERMAL EFFECTS UPON AMORPHOUS MATERIALS 

 Amorphous or non-crystalline materials are defined as those materials without a 

long range crystal structure [27-29]. There are a number of materials that 

characteristically exhibit an amorphous structure, including; silicon oxide based glasses 

[29] and many polymers [28]. Amorphous materials, above the glass transition 

temperature are also often described as supercooled liquids [27-29]. Amorphous 

materials generally do not have a well defined melting point (as is seen in crystalline 
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materials) and instead will continually soften from a solid state to a viscous liquid state 

[29]. In place of a classic melting temperature, amorphous materials generally exhibit a 

glass transition temperature, Tg. The Tg is determined by plotting the specific volume as a 

function of temperature [29]. Such a relationship in an amorphous material will generally 

display linear regions at low temperatures and high temperatures with a connecting non-

linear region. The extrapolated intersection of the two linear regions is considered Tg 

[29]. This offers a stark contrast to crystalline materials, where a similar relationship 

between specific volume and temperature will result in a constant temperature increase in 

specific volume that is associated with the melting temperature (Tm) [29]. Both of these 

relationships are compared in Figure 2. 

 

Figure 2 : Relationship between specific volume and temperature for: (a) a crystalline 

solid displaying Tm; (b) an amorphous solid displaying Tg. Reproduced with permission 

from [29]. 

 From the relationship between Tg and Tm shown in Figure 2 it would be 

reasonable to infer that an amorphous material at temperatures below Tg would act 

similarly to a crystalline material at temperatures below Tm. However, research has 

shown this to be untrue due to secondary relaxations. There are two predominant 

relaxations that can occur in amorphous materials below Tg: the α relaxation and the slow 

β (or Johari-Goldstein) relaxation [28]. In general, both of these relaxations are attributed 

to thermodynamically induced motions or shifts of groups of atoms smaller than those 

required for Tg [28]. 
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 Both the α and slow β relaxations are commonly characterized by performing a 

dynamic mechanical analysis (DMA). DMA cyclically stresses a sample of material 

while varying the frequency of stress, temperature, or stress magnitude. By doing so, 

DMA is capable of recording both the storage modulus (or elastic modulus) and the loss 

modulus (or viscous modulus) as a function of stress, frequency, or temperature. When 

performing a DMA at a constant frequency and stress magnitude, the α relaxation 

generally appears as a large inflection or peak that occurs at temperatures on the order of 

90 to 95% of Tg [30-33]. Similarly, when performing a DMA at a constant frequency and 

stress magnitude, the slow β relaxation commonly appears as a smaller inflection or peak 

that occurs at temperatures on the order of 75 to 80% of Tg [34-36]. The α and slow β 

relaxations are displayed in a sample DMA output in Figure 3. 

 

Figure 3 : Example DMA output for La60Ni15Al25 BMG. Displays characteristic α 

relaxation (Tα) and slow β relaxation (Tβ). Reproduced with permission from [37]. 

 Research has shown that the α relaxation can have large effect on both the 

microscopic and macroscopic properties of an amorphous material. Microscopically, an 

isothermal anneal near the α relaxation temperature for relatively short time scales (on the 

order of minutes or hours) can cause an observable densification of the microstructure 

which in turn can drastically alter the elastic properties [38]. Macroscopically, these 

changes can alter both the deformation and fracture properties [38-41] and the fatigue 
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properties [41, 42]. However, essentially nothing is known about the macroscopic effects 

of isothermal annealing near the β relaxation temperature. 

2.3 MICROSCOPIC EXAMINATION OF BULK METALLIC GLASSES 

BMGs were originally assumed to be ordered in a nearly completely random 

fashion, with early models being likened to soap bubble rafts [43]. These early models 

provided valuable insight into the shear transformation deformation mechanisms that 

occur within BMGs. However, this original simplistic model has proven unreliable as 

more research has been done into BMGs. Even in monolithic BMGs, heterogeneous 

models are now more commonly accepted [44-46]. These models suggest that the BMG 

is made up of a combination of two pseudo-phases which are differentiated by their 

relative volumes [44-46]. These models specifically suggest that the bulk of the material 

will consist of a randomly ordered, high density distribution of atoms with pockets of 

lower density atoms scattered throughout [44-46]. A visualization of this heterogeneous 

microstructure is seen in Figure 4. 

 

Figure 4 : Visualization of BMG atomic makeup with a high density matrix surrounding 

low density regions. Reproduced with permission from [45]. 

 This model suggests that the assumed homogenous microstructure that is often 

envisioned for BMGs may not be accurate in all cases. Additionally, it suggests that 

making the assumption that the mechanical properties of a BMG are isotropic may not be 

valid. In fact, it has been proposed that the lower density groups of atoms can act as 

“flow units” given high energy inputs such as temperatures near Tg or stresses near the 

yield stress [45]. This flow unit behavior separates BMGs from crystalline materials. It is 
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from features such as these flow units that an important deformation mechanism is borne; 

shear transformation zones (STZs) [47]. STZs are local shear transformations that 

rearrange the atoms on a short range scale so as to ease long range shear strain [43]. 

While it has long been understood that these STZs have the potential to govern plastic 

deformation within BMGs, there has been more recent research that suggests that the low 

density flow units have the ability to act in a method similar to STZs at energy levels 

lower than previously expected [45]. 

When G. P. Johari and M. Goldstein (for whom the slow β relaxation is named) 

originally studied relaxations in glassy substances, they hypothesized that secondary 

relaxations could be an artifact of a free volume theory where pockets of mobile atoms 

could rearrange within a high density, frozen matrix [48]. More recent research has 

supported this hypothesis by a proposed potential correlation between the activation of 

low density flow units and the slow β relaxation [45]. Current research specifically 

suggests that, microscopically, the slow β relaxation is thought to be the result of the 

inherent inhomogeneity in the glass [37, 45]. The slow β relaxation is thought to be the 

activation energy for small movements or changes within the less dense zones of a glass 

[44, 45]. 

2.4 MACROSCOPIC PROPERTIES OF BULK METALLIC GLASSES 

 As previously mentioned, BMGs can, hypothetically, have any atomic 

composition. Therefore, the properties of a given BMG are heavily dependent upon the 

composition and even small changes in composition can lead to large changes in the 

properties of a BMG [7]. Additionally, while not discussed heavily in this thesis, much 

like crystalline metals, the processing and critical cooling steps of fabrication can have a 

large impact upon the properties of a BMG [42, 49, 50]. However, there are a number of 

noteworthy macroscopic structural properties and characteristics of BMGs that set them 

apart from their crystalline counterparts. These properties include; near-theoretical 

strength, a tendency to fail without significant plastic elongation, the potential for 
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toughness in the range of tough crystalline metals and an ability to be molded and formed 

in unique ways. 

2.4.1 BULK METALLIC GLASS STRENGTH 

 Due to their amorphous nature, BMGs are capable of offering strengths which are 

often considerably higher than their crystalline counterparts [1]. This is due to the lack of 

crystal structure and associated flaws (i.e. dislocations) whose motion characterizes yield 

and failure in crystalline metals. In the absence of crystal flaws, the strengths of BGMs 

are relatively closer to the theoretical strengths as described by the pure breaking of 

atomic bonds between atoms [51]. These strengths are associated with similar elastic 

moduli to crystalline metals of similar composition [1]. This relationship can be seen in 

Figure 5. 

 

Figure 5 : Comparision of Elastic limit and Young’s modulus for crystalline metals and 

known BMGs. Reproduced with permission from [4]. 
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 Figure 5 shows the relationship between Young’s modulus (or E) and elastic limit 

(or σy) [4]. Contours are shown for the relationships of yeild strain (σy/E) and resiliance 

(σy
2
/E) [4]. BMGs, shown as darkened areas and labeled with their compositions, are 

shown to have higher elastic limits while maintaining the similar Young’s moduli. These 

elastic limits are relatively closer to the shown theoretical strength, which is defined as 

the contour where σy = E/20 [4]. 

2.4.2 BULK METALLIC GLASS TOUGHNESS  

The toughness of BMGs is highly dependent upon the BMG composition and 

thermal history, with reported values ranging from 2 to 86 MPa√m [38]. While the wide 

range of values for different compositions is not surprising, the underlying cause is not 

intuitive. In crystalline materials, low toughness and brittle behavior is often either the 

effect of intrinsic properties or is caused by, for example, impurities at the grain 

boundaries [27]. In order to quantify this, the ratio of the elastic shear modulus, μ, to the 

bulk modulus, B, was found to be a method of quantitatively describing the difference 

between ductile and brittle behavior [38]. The correlation between low ratios of μ/B and 

high ductility (and inversely high μ/B ratios and low ductility) has been shown to apply 

for both crystalline materials [52, 53] and BMGs [38]. This relationship allows for an 

explanation of the wide range of toughness values experienced by BMGs even in the 

absence of varying grain structures. Indeed, the relationship between the ratio, μ/B, and 

fracture energy, G, can be seen in Figure 6. 
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Figure 6 : Relationship between the ratio of elastic properties, μ/B, to fracture energy, G, 

for BMGs of varying composition. Reproduced with permission from [38]. 

 Figure 6 displays that changing BMG composition alters the elastic property ratio 

to the point of creating variations of the fracture energy over four orders of magnitude. In 

general it has been determined that BMGs with a ratio of μ/B > 0.41 to 0.43 are 

considered brittle [38]. Of note is that BMG compositions based in Zr are shown to be 

relatively tough with respect to other bases with values of μ/B in the range of 0.300 to 

0.330 [38, 54]. 

 In addition to the inverse relationship between ductility and the ratio of μ/B in an 

as cast state, it has been shown that some BMGs are susceptible to embrittlement when 

annealed at temperatures nearing Tg [38, 55]. An example of this correlation is shown in 

Figure 7. 
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Figure 7 : Effects of annealing treatments near Tg and Tx on the notched fracture 

toughness of BMGs. Results shown for a Zr-based BMG with root radius of 65 μm have 

been plotted based on data from [55]. 

 Figure 7 displays the change in toughness of a Zr-based BMG at temperatures 

near Tg and the crystallization temperature, Tx. Note that for Zr-based BMGs; Tg is 

reported to range from 329 to 424 °C (602 to 697 K) and Tx is reported to range from 405 

to 520 °C (678 to 793 K) when derived by DSC experiments at a heating rate of 20 

°C/min [56, 57]. It can be clearly seen from Figure 7 that given a constant testing 

technique, the fracture toughness declines at even small anneal times near Tg. 

2.4.3 PLASTIC DEFORMATION AND FAILURE OF BULK METALLIC GLASSES 

Plastic deformation in BMGs occurs due to the evolution of STZs and a 

redistribution of free volume within the sample [1]. In most cases, the deformation will 

localize into a shear mode through the formation of shear bands [1]. As a result of this 

shear banding, most BMGs macroscopically fail in compression in a characteristic shear 

failure with failure occurring at a 45° angle from axis of loading [58]. In addition, most 

BMGs are known to strain soften after yield, in opposition to the strain hardening process 

that is observed in most crystalline metals, due to adiabatic heating [58]. Uninhibited 

shear band propagation (due to the lack of grain boundaries and dislocations) causes 

many BMGs to fail without large macroscopic plastic deformation. This process is often 
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mistaken as brittle failure [59] though considerable plastic deformation occurs at the 

microscopic level. 

The formation of shear bands in BMGs has been reported to be dependent upon 

the size of the sample [60]. Additionally, a ratio shear band spacing to plate thickness of 

~1:10 has been reported [60]. A visual example of this process is shown in Figure 8. 

 

Figure 8 : BMG samples of varying thickness: (a) thickness of 0.457 mm, (b) thickness of 

0.584 mm, bent around the same 2 mm radius displaying the differences in shear bands. 

Reproduced with permission from [60]. 

Figure 8 displays two BMG samples of the same composition, stressed by bend 

about the same bend radius but of varying thicknesses. As stress upon a BMG sample 

increases past the yield point, the shear band spacing increases eventually resulting in the 

strain being accommodated by a few longer shear bands until critical levels are reached 
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and fracture occurs [60]. Given a smaller sample size and the associated smaller shear 

band spacing (as seen in Figure 8), greater stresses can be sustained before strain begins 

to localize to longer shear bands. As a result of this process, the plastic ductility of BMGs 

was shown to be size dependent. This size dependency holds great potential for micro-

scale and nano-scale applications where, as size decreases, ductility could theoretically 

increase dramatically. 

While most relatively larger sized BMGs fail without considerable plastic 

deformation, research is ongoing to remedy this issue and there are some notable 

successes. The Pt57.5Cu14.7Ni5.3P22.5 BMG system has been shown to exhibit 20 % plastic 

strain to failure in compression and 3 % plastic strain to failure in bending of a 4 mm 

thick sample [54]. This is made possible by a very low μ/B ratio of 0.165 that allows 

shear bands within the BMG to extend instead of initiating a crack [54]. More 

remarkable, BMGs of compositions Zr61.88Cu18Ni10.12Al10, Zr64.13Cu15.75Ni10.12Al10 and 

Zr62Cu15.5Ni12.5Al10 (μ/B = ~0.266) have been shown to withstand plastic strains as high 

as 160 % [61]. This was possible due to extreme shear flow caused by growth of shear 

bands within the samples after yield that cause samples to compress into a flake instead 

of catastrophically failing [61]. 

2.4.4 FORMATION AND MOLDING OF BULK METALLIC GLASSES 

In addition to their material properties, the amorphous nature of BMGs offer a 

number intriguing advantages over crystalline metals when it comes to their formation 

and molding. Perhaps chief among them is that BMGs avoid the significant shrinkage 

associated with the crystallization process in the formation of crystalline materials 

[5].This change in volume can be seen in the large drop present at Tm for crystalline 

materials but absent at Tg for amorphous materials in Figure 2 as the temperature 

decreases. This lack of shrinkage allows for high precision in molded parts and is 

especially important for micro-scale and nano-scale elements. 

Apart from the advantages that BMGs hold over crystalline metals in classic 

fabrication and molding techniques, there are a number of BMG fabricating and molding 
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techniques that are impossible for crystalline metals. Gas atomization or mechanical 

alloying can be used to create amorphous metal powders which can subsequently be 

compacted into a BMG [7]. In addition, due to their amorphous nature, there are a 

number of intriguing molding possibilities associated with formation while the BMG is in 

the supercooled liquid region (SLR), as seen in Figure 1. Very high strain rates in the 

SLR along with the BMG acting as a Newtonian fluid allow a BMG to accurately fill 

mold cavities with sizes on the order of 100 μm [56]. Additionally, by taking advantage 

of the SLR, BMGs can be blow molded in processes similar to silicon oxide glasses [62]. 

The process of forming BMGs while in the SLR has been dubbed superplastic forming 

(SPF) [63]. SPF offers very high precision in component fabrication and has the potential 

to reduce the fast cooling requirements that currently bind BMG fabrication [63]. 

An additional opportunity in BMG forming is the fabrication of porous or foamed 

BMG materials either by introducing bubbles into a liquid or SLR material, or by 

fabricating a solid two phase BMG and selectively acid-leaching one of the two phases 

away [64]. This process allows for the accurate tailoring of the density of the BMG in 

order to optimize characteristics such as fluid permeability or surface area [64]. 

2.5 FATIGUE BEHAVIOR 

2.5.1 FATIGUE EXPERIMENTATION BACKGROUND 

Fatigue crack growth experiments, designed to create a relationship between 

applied stress intensity factor range, ΔK, and crack growth rate, da/dN, are critical to 

understanding the issues of fatigue in BMGs. The stress intensity factor, K, in a 

generalized form is defined in Equation 1. 

       

Equation 1 : Stress intensity factor equation [51]. 

 Note, for Equation 1: “σ” is the applied stress and “a” is the crack length. Stress 

intensity factor provides a measure of stress which is normalized both to the active area 

(through stress) and the crack length within the active area. This allows for a controlled 



18 

 

measurement of applied force or energy as a crack grows through a sample or body. The 

commonly referenced fracture toughness value “KIC” is the critical stress intensity to 

cause fracture stress in an opening (Mode I) loading case during a single loading. When 

cyclically stressing a sample; the applied stress intensity factor range is defined as the 

difference between the applied maximum stress intensity factor and applied minimum 

stress intensity factor, ΔK = Kmax – Kmin. The maximum and minimum stress intensity 

factors are calculated using the maximum and minimum applied stresses (σmax, σmin) from 

cyclic loading. 

 It is important to understand that fatigue crack growth is understood in a semi-

empirical manner. There are many theories in place to explain the mechanisms involved 

with fatigue. However, the complicated process of fatigue currently lacks a single 

theoretical description. As a result, fatigue crack growth can generally be broken down 

into three realms of crack growth. These realms are identified in Figure 9. Note that, as is 

the norm for fatigue crack growth data, Figure 9 is plotted on a log-log scale. 
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Figure 9 : Example fatigue crack growth curve displaying three realms of crack growth. 

Reproduced with permission from [51]. 

 In Figure 9 the differentiation between the three realms of crack growth can be 

seen. In realm I, crack growth decreases quickly with decreasing applied ΔK and 

progresses towards a theoretical asymptote where crack growth ceases. The value where 

crack growth stops known as the stress-intensity factor threshold, ΔKTH. Typically, ΔKTH 

is defined once the crack growth rate drops below 10
-11

 m/cycle [65]. However, this 

requirement can relaxed due to the practical limits of testing. For example, testing at a 

frequency 25 Hz and a crack growth rate of 10
-11

 m/cycle, 1 mm of crack growth would 

require ~46 days of testing time. As a result, ΔKTH is often defined at values of 10
-10

 or 

even 10
-9

 m/cycle. This reduced requirement due to practical limits can slightly affect the 
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accurate determination of ΔKTH. Realm II is marked by linear (on a log-log scale) growth. 

This growth is represented by the Paris Law equation, defined in Equation 2. 

  

  
        

Equation 2 : Paris Law equation [65]. 

 Note, for Equation 2: “C” and “m” are scaling constants and material properties. 

Realm III represents the crack growth as the maximum applied stress intensity factor, 

Kmax, approaches the fracture toughness of the material, KC, and the sample reaches 

catastrophic failure. Note that the value of KC determined within a fatigue life experiment 

is not measured in a well controlled or standardized way and therefore is not generally 

considered reliable when compared to standardized methods such as KIC. 

 The endurance strength or endurance limit of a material is determined by 

performing stress-life (S-N) experiments. S-N experiments fatigue multiple samples to 

failure while varying the applied stress amplitude but holding all other variables constant. 

The endurance strength, σe or σfatigue, itself is defined as the applied stress under which a 

sample will theoretically never fail due to fatigue. Typically, σe can be defined after 

cycling beyond 10
6
 fatigue cycles without failure [65]. However, as with the 

determination of ΔKTH, practical testing limits, specifically testing frequency, can affect 

the number of cycles required to determine σe. It is important to note that not all materials 

exhibit σe. An example S-N curve, displaying σe (labeled as “Fatigue Limit”) is shown in 

Figure 10. 
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Figure 10 : Example S-N fatigue life curve displaying the fatigue limit, σe. 

2.5.2 EFFECTS OF AGGRESSIVE ENVIRONMENTS UPON FATIGUE 

Many of the proposed applications for materials such as BMGs would require 

their application in aggressive environments. Aggressive environments include but are 

not limited to; high moisture environments, high saline liquids, acidic or basic solutions 

and blood or body fluid type environments (i.e. environments for biomedical implants). 

The effects of such aggressive environments upon fatigue are often negative. These 

effects usually result in lowered σe  and fatigue life values in S-N experiments [65]. In 

crack growth experiments, the effects of environmentally assisted crack growth often 

result in a period where crack growth is independent of the applied stress intensity factor 

[65]. An example of a stress-independent realm of crack growth, or fatigue plateau, is 

shown as Stage II in Figure 11.  
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Figure 11 : Example of stress independent crack growth or fatigue plateau (Stage II). 

Reproduced with permission from [51]. 

 Environmental effects upon fatigue tend to occur by one of two mechanisms; 

stress corrosion cracking (SCC) or hydrogen embrittlement (HE). In SCC, material at the 

crack tip undergoes an anodic reaction (usually an oxidation) causing embrittlement of 

the crack tip [51]. When in fatigue, this brittle material cracks under the applied stress, 

exposing virgin material to the anodic reaction and repeating the process, thus 

progressing crack growth. In HE, hydrogen diffuses through the microstructure at the 

crack tip, interrupting the bonds and causing the crystal lattice to become brittle [51]. Due 

to its small size, hydrogen atoms can locate at interstitial sites within the microstructure, 

stretching the bonds and weakening the overall structure. As with SCC, this fatigued 
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brittle material fractures under the applied stress, progressing the crack and exposing new 

material to the HE process. In both cases, when applied to crack growth data, fatigue 

plateaus such as the example shown in Figure 11 are generally controlled by one of three 

environmental rate limiting steps: 1) diffusion of active species to the crack tip (usually 

oxygen for SCC or hydrogen for HE), 2) the rate of chemical reaction of active species 

with the material at the crack tip or 3) diffusion of active species into the material ahead 

of the crack tip (often associated with hydrogen diffusion into the material in HE). Within 

a fatigue plateau crack growth is based upon the rate of whichever environmental 

process, of the three described above, is the most active and occurs at the slowest rate. 

However, as the applied stress intensity factor increases, stress induced crack growth can 

outpace environmental crack growth causing the overall crack growth to return to the 

Paris Law realm seen in Figure 9 prior to catastrophic failure. 

2.5.3 FATIGUE OF BULK METALLIC GLASSES 

As engineering applications have developed, the importance of the fatigue 

properties of materials has become critical. Even among BMG compositions with high 

strength and toughness, such as those based in Zirconium, fatigue characteristics are often 

a shortcoming. This is exhibited by a study on the BMG composition 

Zr41.25Ti13.75Ni10Cu12.5Be22.5 (trade named Vitreloy 1) that found the endurance strength to 

only be ~4% of the measured ultimate tensile strength (σe/σUTS ≈ 0.04) when tested in 

four-point bend test at a load ratio of R = Pmin/Pmax = 0.1 in ambient air (25 °C, ~45 % 

relative humidity) [66]. These low values are particularly disturbing given an accepted 

guideline for endurance strength of 35 to 50 % of the ultimate tensile strength (σe/σUTS  = 

0.35 to 0.5) for most crystalline steels and copper alloys in fully reversed loading (R = -1) 

[65]. In addition, reported crack growth data has shown the presence of fatigue plateaus 

for many Zr-based BMGs when tested in ambient air [67-69]. 

Logically it could be inferred that BMGs fatigued in aggressive environments 

should have increased resistance over crystalline metals. The corrosive and 

environmental effects in fatigue are known to be aided by diffusion through the grain 



24 

 

boundaries [65]. Given that BMGs are devoid of grain boundaries it is reasonable to 

assume that they will provide greater corrosive resistance. However, when comparing the 

corrosive and environmental resistances of Zr41.2Ti13.8Cu12.5Ni10Be22.5 in a fully 

amorphous and a fully crystallized state it has been shown that BMGs offer little to no 

additional resistance [70]. Indeed, both the stress life and crack growth behavior of 

BMGs are known experience a significant negative reaction to aggressive saline 

environments. Stress life results (example shown in Figure 12) tend to show a reduction 

in both the predicted σe and fatigue life. Crack growth results (example shown in Figure 

13) often display a strong fatigue plateau along with a drastic increase in crack growth 

rate over non-environmentally assisted crack growth. 

 

Figure 12 : Example stress life results for Zr52.5Cu17.9Ni14.6Al10Ti5 BMG showing the 

effects of a saline environment compared to an ambient air environment. Reproduced 

with permission from [3]. 
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Figure 13 : Example fatigue crack growth results for Zr41.2Ti13.8Cu12.5Ni10Be22.5 BGM 

showing effects of a saline environment compared to de-ionized water and ambient air. 

Reproduced with permission from [71]. 

The mechanism for crack propagation in BMGs in an aggressive saline 

environment has sparked some debate within the scientific community. It has been shown 

through polarized S-N testing that the mechanism for corrosion fatigue is the anodic 

dissolution (or SSC) discussed in Section 2.5.2 [71-73]. However, through incubation 

testing in saline environments, a conflicting view has been presented suggesting that the 

mechanism is HE (discussed in Section 2.5.2) and not anodic dissolution [74]. It should 

be noted that the majority of researchers have accepted anodic dissolution as the 

mechanism for environmentally induced crack propagation in BMGs. However, 

additional future research is required in order to reveal the definitive mechanism for 

environmentally assisted crack propagation in BMGs. 
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3 FATIGUE BEHAVIOR OF ZR52.5CU17.9NI14.6AL10TI5 BMG 

 Zr52.5Cu17.9Ni14.6Al10Ti5 BMG is trade named Vitreloy 105 and belongs to the 

Vitreloy series of Zr-based BMGs originally developed by Peker and Johnson [12] and 

now manufactured by Liquidmetal Technologies. The majority of these Zr-based BMGs, 

as well as most BMGs, have displayed a low fatigue resistance relative to similar 

crystalline metals. This is exhibited in the case discussed in Section 2.5.3 of 

Zr41.25Ti13.75Ni10Cu12.5Be22.5 where it was found that σe/σUTS ≈ 0.04 when tested in four-

point bend test at a load ratio of R = 0.1 [66]. In addition, more recent research by the 

group of S. L. Philo and J. J. Kruzic (Oregon State University, Corvallis, OR, USA) into 

Zr-based BMGs has illuminated other negative fatigue characteristics. Most notably, the 

presence of fatigue crack growth plateaus (as discussed in Section 2.5.2) in the fatigue 

crack growth behavior of Zr44Ti11Ni10Cu10Be25 [68] and Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 [67] 

BMGs when tested in ambient air. These results are shown in Figure 14 and Figure 15. 

 

Figure 14 : Fatigue crack growth behavior for Zr44Ti11Ni10Cu10Be25 in ambient air 

displaying a fatigue plateau (IV). Reproduced with permission from [68]. 
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Figure 15 : Fatigue crack growth behavior for Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 in ambient air 

displaying a fatigue plateau (IV). Reproduced with permission from [67]. 

 In addition, as seen in Figure 16 fatigue plateaus in fatigue crack growth behavior 

have also been previously observed in Zr41.2Ti13.8Cu12.5Ni10Be22.5 [69]. 

 

Figure 16 : Fatigue crack growth behavior for Zr41.2Ti13.8Cu12.5Ni10Be22.5 in ambient air 

displaying a fatigue plateau. Reproduced with permission from [69]. 

In an attempt to determine the underlying cause of this effect, experiments were 

conducted upon Zr44Ti11Ni10Cu10Be25 in an inert environment [68]. These results, shown 
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in Figure 17 and compared to ambient air results, displayed an increase in the stress 

intensity factor threshold and a lack of fatigue plateau [68]. 

 

Figure 17 : Fatigue crack growth behavior of Zr44Ti11Ni10Cu10Be25 comparing tests 

conducted in ambient laboratory air and in an inert environment. Reproduced with 

permission from [68]. 

These results suggested that the ambient environment itself is the cause for the 

fatigue plateau and perhaps the poor fatigue properties of BMGs. However, the exact 

relationship between the fatigue properties of BMGs and the ambient environment is yet 

undetermined. 

In defiance of the generally poor fatigue properties of BMGs, 

Zr52.5Cu17.9Ni14.6Al10Ti5 has been reported to hold a much stronger fatigue resistance than 

other monolithic glasses as well as many crystalline metals, with reported values of 

endurance strength of σe/σUTS ≈ 0.25 in four-point bend tests at R = 0.1 [3, 75]. Given the 

monolithic nature of Zr52.5Cu17.9Ni14.6Al10Ti5 and other BMGs the discrepancy cannot be 

the result of a microstructure difference, as is often the case for crystalline materials. 

Therefore, Zr52.5Cu17.9Ni14.6Al10Ti5 must have some advantage over other BMGs. For this 

reason, an exploration into the fatigue properties of Zr52.5Cu17.9Ni14.6Al10Ti5 could 

potentially shed light onto the complex problem that is the fatigue of BMGs. 
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 The following research aims to shed light onto a potential explanation for the 

improved fatigue resistance of Zr52.5Cu17.9Ni14.6Al10Ti5 through an exploration of fatigue 

properties as a function of ambient environment. 

3.1 DETAILED MATERIALS AND EXPERIMENTAL METHODS 

3.1.1 MATERIALS 

 Commercial Zr52.5Cu17.9Ni14.6Al10Ti5 BMG plates of nominal size 30 mm by 30 

mm were procured from Liquidmetal Technologies (Rancho Santa Margarita, CA, USA). 

The plates were machined by the Oregon State University MIME Machining and Product 

Realization Laboratory into compact tension, C(T), samples of nominal width, W = 21.5 

mm and thickness, B = 2.0 mm. The compact tension sample is in accordance with the 

ASTM E647 for fatigue crack growth studies and can be seen in Figure 18 [76]. 

 

Figure 18 : Compact-tension sample with dimensions. As described in [76]. 

 The faces of each sample were polished gradually to a 0.05 μm finish with a 

combination of silicon carbide grinding paper and alumina powders on cloth. This was 

done in order to facilitate accurate crack length measurements using optical microscopy. 

All optical measurements were taken using a Leica DMRM optical microscope (Leica 

Microsystems, Buffalo Grove, IL, USA) equipped with a moveable stage and associated 

measurement system. All samples were annealed at 300 °C (573 K) for 2 minutes in a 
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flowing ultrahigh purity nitrogen environment. This annealing process was done using a 

quartz tube furnace. This process was completed in order to relieve the surface stresses 

incurred by the thermal tempering during the casting process. These thermal stress have 

been shown to affect the fatigue behavior of Zr-based BMGs [41]. It is important to note 

that this temperature is far below the reported glass transition temperature of Tg = 409 to 

440 °C (682 to 713 K) [77]. The BMG samples were shown to be fully amorphous before 

and after the annealing process by X-ray diffraction (XRD). Tests were conducted 

utilizing a Bruker-AXS D8 Discover X-ray Diffractometer (Bruker AXS Inc., Madison, 

WI, USA). All tests scanned from angles (2θ) of 20 to 80 degrees at rates between 0.75 

and 4 degrees per minute. An XRD scan depicting the amorphous nature of a 

Zr52.5Cu17.9Ni14.6Al10Ti5 BMG sample can be seen in Figure 19. The amorphous nature of 

the sample is confirmed due to the lack of obvious sharp peaks in the XRD scan which 

are representative of crystal planes within a material [29]. 
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Figure 19 : X-ray diffraction scan of Zr52.5Cu17.9Ni14.6Al10Ti5 BMG performed at 0.75 

degrees per minute proving the sample’s fully amorphous nature due to the lack of sharp 

crystal peaks.  

 In addition to the machined notch, all samples were micro-notched. This was done 

using a custom made micro-notch machine. This micro-notch machine operates by 

cycling an extra keen razor blade (manufactured by American Line, Verona, VA, USA) 

at the base of the machined notch in order to produce a sharper, thinner notch. In order to 

facilitate this process 1 μm polycrystalline diamond compound (Allied High Tech 

Products Inc., Rancho Dominguez, CA, USA) was placed on the razor blade edge. This 

process is done in order to sharpen the crack and reduce the radius of curvature (root 

radius) of the crack tip which is known to be inversely proportional to the stress 

experienced at the crack tip [51] and facilitate the fatigue pre-cracking process. All 

samples received a micro-notch of ~2 to 5 mm in length with a resulting root radius of ~5 

to 10 μm. 
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 After all physical alterations were made; each sample had a 350 ohm Micro-

Measurements strain gage (Vishay Precision Group, Wendell, NC, USA) mounted on its 

back side. During testing, the crack size, a, can be determined by the output voltage of 

this strain gage as described in the Air Force Aeronautical Laboratory Report No. 

AFWAL-TR-87-4046 [78]. 

 In total, seven Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples were prepared using 

the method described in this section. 

3.1.2 FATIGUE PRE-CRACKING 

In order to provide a constant crack front shape and remove any effects of the 

machined notch on testing, it is required that a fatigue pre-crack be created in each 

sample [76]. All samples were fatigue pre-cracked using a computer-controlled servo-

hydraulic Instron 8501 mechanical testing machine (Instron Corporation, Norwood, MA, 

USA). In all cases, the load was monitored utilizing an Instron 2527-130 dynamic 1 kN 

load cell (Instron Corporation, Norwood, MA, USA). All samples were fatigue pre-

cracked in ambient air with a nominal test temperature of 23 ± 2 °C and relative air 

humidity in the range of 20 to 40 %. All fatigue pre-cracking operations were controlled 

by a custom LabView software package. All fatigue pre-cracks were run under load 

control at a constant frequency of 25 Hz (in a sine wave configuration) with a load ratio R 

= 0.1, where R is the ratio of minimum applied load to maximum applied load, Pmin/Pmax. 

All samples were fatigue pre-cracked at stress intensity ranges, ΔK = 4 to 8 MPa√m (as 

defined in Equation 1). Samples were fatigue pre-cracked in multiple increments with 

most increments growing the crack by 0.5 to 1.0 mm. After each fatigue pre-cracking 

operation, the sample was removed from the testing machine and the crack length was 

recorded using optical measurement microscopy (Leica DMRM optical microscope). The 

crack length was checked on both sides of the sample and the sample was checked for the 

presence of multiple cracks, cracks occurring away from the micro-notch, crack bridging, 

etc. In the event that any abnormalities were discovered the sample was carefully fatigue 

pre-cracked in an attempt to allow for one straight crack to grow at the crack front. 
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Updated values of crack length were then used to recalculate the applied loads for the 

next fatigue pre-cracking operation. All samples were fatigue pre-cracked until a single 

straight crack was observed to be growing on both sides of the sample at the crack front. 

This process has been shown to dramatically lower the fracture properties of BMGs, from 

130 MPa√m for a notched sample to 17.9 ± 1.9 MPa√m for a fatigue pre-cracked Zr-

based BMG sample [55], and is therefore important for achieving accurate results. 

In total, seven Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples were fatigue pre-

cracked using the method described in this section. 

3.1.3 AMBIENT ENVIRONMENT FATIGUE TESTING PROCEDURE 

Of the seven total Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples prepared and 

fatigue pre-cracked, five were tested under ambient environment conditions. Each of 

these tests were conducted at a nominal temperature of 23 ± 2 °C and air relative 

humidity of 20 to 40 %. All tests were conducted using a computer-controlled servo-

hydraulic Instron 8501 mechanical testing machine and an Instron 2527-130 dynamic 1 

kN load cell. All tests were conducted in load control using a custom LabView software 

package. All tests were run with a constant frequency of 25 Hz (in a sine wave 

configuration) and a constant load ratio of R = 0.1. 

Three of the five samples were tested under decreasing ΔK conditions. These 

three samples were used to measure the mid and low crack growth rate regions and 

measure the fatigue threshold, ΔKTH, defined as the ΔK value where the crack growth rate 

falls below 10
-10

 m/cycle. Samples were tested with the loads slowly decreasing using a 

constant ΔK gradient, dΔK/da·ΔK
-1

 = -0.08 /mm. Tests were run with initial ΔK values of 

5.8, 3.8 and 3.0 MPa√m. In all cases, the data collection began after the crack had 

progressed outside of the calculated plane-strain plastic-zone formed at Kmax during the 

fatigue pre-cracking so as to avoid transient effects. 

The remaining two samples, along with one sample previously tested in a 

decreasing ΔK test (three total samples tested), were tested under a constant load range so 
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as to produce an increasing ΔK test. These three samples were used to measure the high 

crack growth rate regions as well as the critical crack growth rate, Kc, which is defined as 

the fracture toughness of the material [65]. Samples were tested at constant load ranges of 

ΔP = 164, 194 and 219 N, using initial values of ΔK = 3.5, 4.5 and 9.0 MPa√m 

respectively. 

Once tests were complete, the final crack length was measured using either 

optical microscopy (Leica DMRM optical microscope) for samples which did not 

experience catastrophic failure or Quanta 600F scanning electron microscopy (FEI, 

Hillsboro, OR, USA). Final crack lengths were measured up to the onset of fast fracture, 

where the sample reaches the critical stress intensity factor KC and fails catastrophically. 

If a discrepancy was found between the final crack length calculated during testing and 

the actual measured crack length, the crack length data was corrected by assuming that 

the error had accumulated linearly with crack extension. The maximum discrepancy was 

found to be 14.2 % difference between collected versus actual crack length. However, 

most samples ranged between 0.2 and 3.3 % difference between collected versus actual 

crack length. Utilizing this correction along with data recorded throughout testing, it was 

possible to produce a relationship between fatigue-crack growth rates (da/dN) and 

applied stress-intensity range (ΔK) as specified in ASTM Standard E647 [76] for 

Zr52.5Cu17.9Ni14.6Al10Ti5 BMG in an ambient environment. 

3.1.4 INERT ENVIRONMENT FATIGUE TESTING PROCEDURE 

Of the seven total Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples prepared and 

fatigue pre-cracked, two were tested in a dry inert environment. All tests were conducted 

using a computer-controlled servo-hydraulic Instron 8501 mechanical testing machine 

and an Instron 2527-130 dynamic 1 kN load cell. Each of these tests were conducted at a 

nominal temperature of 23 ± 2 °C. The dry inert environment was realized by testing in a 

flowing dry gaseous N2 environment. In order to produce such an environment, samples 

were tested inside of a custom designed and built test chamber. This test chamber was 

constructed out of aluminum and stainless steel and integrated with a hermetically sealed 
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bellows to allow for fatigue testing. During testing, flowing dry N2 gas was passed 

through a purifier (Gatekeeper, Aeronex, San Diego, CA, USA), then through the test 

chamber in order to maintain a sub parts per billion (ppb) level of oxygen and moisture at 

the purifier outlet and very low levels in the testing environment. Crack length data was 

collected utilizing a strain gage affixed with vacuum ready lead wires. The testing 

machine and load cell were calibrated, through adjustments to the proportional control 

variable, to ignore the effects of the added mass from the test chamber. 

In order to purify the test chamber prior to testing a special procedure was 

enacted. This was done in order to bake off and remove any contaminants or impurities 

on the surface of the test chamber. The test chamber and associated tubing were heated to 

~150 °C while purified N2 gas flowed through the test chamber. Once this temperature 

was achieved, the chamber was evacuated using an Edwards RV8 two stage vacuum 

pump (Edwards, Sanborn, NY, USA) to ~3 Pa, then backfilled with purified N2. This 

procedure of evacuation and backfilling was repeated three times in order to rinse the 

chamber. After the third rinse, the chamber was allowed to cool to room temperature for 

more than 12 hours while purified N2 gas continued to flow through the test chamber. In 

previous publications, this process was estimated to allow the gas entering the chamber to 

contain less than 50 ppb of moisture [79]. 

Of the two samples tested in a dry inert nitrogen environment, one was tested 

under decreasing ΔK conditions. This sample was used to measure the mid to low crack 

growth regions and to measure ΔKTH. This sample was tested using a constant ΔK 

gradient of dΔK/da·ΔK
-1

 = -0.08 /mm and an initial value of ΔK = 4.0 MPa√m. 

The other one sample was tested utilizing a constant load range so as to produce 

an increasing ΔK test. This was done in order to measure the mid to high crack growth 

regions along with KC. This sample was tested using a constant ΔP of 177 N, using an 

initial ΔK value of 3.5 MPa√m. 
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Once tests were complete, the final crack length was measured using a Quanta 

600F scanning electron microscopy. Final crack lengths were measured up to the onset of 

fast fracture. If a discrepancy was found between the final crack length calculated during 

testing and the actual measured crack length, the crack length data was corrected by 

assuming that the error had accumulated linearly with crack extension. Discrepancies 

were found to be 19.0 % and 3.8 % difference between collected and actual crack length 

for the two samples tested. Utilizing this correction along with data recorded throughout 

testing, it was possible to produce a relationship between fatigue-crack growth rates 

(da/dN) and applied stress-intensity range (ΔK) as specified in ASTM Standard E647 [76] 

for Zr52.5Cu17.9Ni14.6Al10Ti5 BMG in a dry inert nitrogen environment. 

3.2 RESULTS 

 The fatigue-crack growth rate (da/dN) as a function of stress-intensity range (ΔK) 

for Zr52.5Cu17.9Ni14.6Al10Ti5 BMG is plotted for both ambient air (20 to 40 % relative 

humidity air) and dry inert environment (inert nitrogen environment) in Figure 20. 

 

Figure 20 : Fatigue-crack growth rate data for Zr52.5Cu17.9Ni14.6Al10Ti5 BMG collected in 

20 to 40 % relative humidity air and in an inert dry environment. 
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 It can be seen in Figure 20 that both fatigue-crack growth curves can be 

segmented into three distinct regions. Realm I in Figure 20 is the low crack growth region 

for both inert dry and ambient conditions. Within this region, the crack growth rate shows 

a high sensitivity to changes in ΔK. The threshold stress-intensity, ΔKTH, is shown to be 

~2 MPa√m and is shown to be unchanged between the inert dry environment and the 

ambient air results. Region II in Figure 20 shows the mid crack growth region where 

crack growth can be described according to the Paris Law. The data within realm II was 

fit to the classical Paris Law (Equation 2) using units of m/cycle for da/dN and MPa√m 

for ΔK. It was found that C and m were ~1.35 x 10
-10

 MPa
-2

∙cycle
-1

 and ~2.0 respectively 

for Zr52.5Cu17.9Ni14.6Al10Ti5 in both the dry inert nitrogen environment and ambient air. 

Realm III in Figure 20 is the high crack growth region where Kmax approaches the 

fracture toughness of the material prior to a catastrophic failure. 

3.3 DISCUSSION  

The results shown in Figure 20 clearly show that, for Zr52.5Cu17.9Ni14.6Al10Ti5, the 

crack growth rate as a function of applied stress intensity is not highly affected by the 

change in from a dry inert nitrogen to an ambient (20 to 40 % relative humidity) 

environment. The presence of a fatigue plateau is indicative of a range of crack growth 

that is insensitive to the applied stress intensity. This invariably implies that the rate-

limiting step for crack growth is something other than the mechanically-induced damage 

created by applied stress. As discussed in Section 2.5.2; within a fatigue plateau it is 

commonly determined that an environmental interaction, such as oxidation of the freshly 

exposed surface at the crack tip or transport of the active environmental species to, or 

ahead of, the crack tip, is the rate limiting step [65]. While the lack of fatigue plateau for 

Zr52.5Cu17.9Ni14.6Al10Ti5 in a dry inert nitrogen environment, where no environmental 

interaction is possible, is as expected, a similar result when tested in an ambient 

environment suggests a stronger resistance to environmental fatigue-detrimental effects. 

The results of this resistance are displayed in Figure 21. 
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Figure 21 : Fatigue-crack growth rate data for Zr52.5Cu17.9Ni14.6Al10Ti5 BMG collected in 

20 to 40 % relative humidity air compared to (a) Zr44Ti11Ni10Cu10Be25 collected in an 

inert dry (N2) environment [68], and (b) Zr44Ti11Ni10Cu10Be25 collected in 20 to 40 % 

relative humidity air. Zr44Ti11Ni10Cu10Be25 results plotted based upon data from [41]. 

 Figure 21 (a) displays a similar result achieved for Zr52.5Cu17.9Ni14.6Al10Ti5 in 

ambient air and Zr44Ti11Ni10Cu10Be25 in a dry inert nitrogen environment. However, 

when Zr52.5Cu17.9Ni14.6Al10Ti5 and Zr44Ti11Ni10Cu10Be25 are compared in a similar 

ambient air environment (Figure 21 (b)), Zr52.5Cu17.9Ni14.6Al10Ti5 clearly shows stronger 

behavior. This data also provides evidence to further support the previously suggested 

cause of the fatigue plateau as a function of an environmental effect (either oxidation or 

transport of environmental species to the crack tip). It can be seen that, within data taken 

for Zr44Ti11Ni10Cu10Be25 [41, 68] for similar tests (shown in Figure 21), the fatigue 

plateau appears only in the presence of the ambient environment. This provides evidence 

that the fatigue plateaus seen in Zr-based BMGs are a function of the ambient 

environment and not inherent in the fatigue of the BMG itself. 

In addition to a lack of fatigue plateau, ΔKTH is shown to be considerably higher; 

~2.0 MPa√m versus < 1.35 MPa√m [41] for Zr52.5Cu17.9Ni14.6Al10Ti5 and 

Zr44Ti11Ni10Cu10Be25, respectively. This value of ΔKTH also compares favorably with the 

reported value of ~1.4 MPa√m reported for Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 tested in ambient 
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air [67]. In terms of application, this is perhaps of the greatest importance as most 

commercial and industrial applications prefer to operate below ΔKTH where, by 

definition, no crack growth should occur even in the presence of a sharp crack. 

 The lack of fatigue plateau observed in Zr52.5Cu17.9Ni14.6Al10Ti5 when compared to 

the observed fatigue plateaus in Zr44Ti11Ni10Cu10Be25 (Figure 14), 

Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 (Figure 15), and Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Figure 16) [67-

69] suggests that the differing factor lies in the differences in chemistry of each Zr-based 

BMG. This can already be inferred from existing data where the effects of replacing the 

Beryllium component with Niobium can be seen in the data for Zr44Ti11Ni10Cu10Be25 

(Figure 14) and Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 (Figure 15). While the fatigue plateau is 

exhibited in both cases, the addition of Niobium causes it to significantly shift up the 

crack growth curve. The conclusion that this shift in fatigue plateau is the cause of 

chemistry is supported by the fact that one of the most common causes of fatigue plateaus 

and environmental embrittlement in metals, environmentally assisted embrittlement at 

dislocations and grain boundaries, is impossible in amorphous BMGs. 

 Of additional interest is the potentially varying effect of the ambient environment 

and even pure water environments. V. Schroeder and R. O. Ritchie (University of 

California Berkeley, Berkeley, CA, USA) have shown crack growth of 

Zr41.2Ti13.8Cu12.5Ni10Be22.5 in both ambient laboratory air (~25 to 35 % relative humidity) 

and aerated deionized water to occur without fatigue plateaus (see Figure 13) [71]. This is 

particularly intriguing considering that the similar group of C. J. Gilbert, V. Schroeder 

and R. O. Ritchie (University of California Berkeley, Berkeley, CA, USA) had 

previously presented data which displayed the same Zr41.2Ti13.8Cu12.5Ni10Be22.5 

composition to be effected by the ambient environment in the form of a fatigue plateau 

when tested in ambient air (~45 % relative humidity) [69] as seen in Figure 16. Assuming 

the more commonly accepted means of environmentally assisted crack growth; anodic 

dissolution (as discussed 2.5.3), could offer a potential explanation for this discrepancy. 

Given that anodic dissolution requires transportation of oxidizing ions to the crack tip, the 
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availability of a likely oxidizing agent; moisture in the ambient air, would be paramount 

to the environmental interaction. The varying reported humidity for the two experiments 

could support the hypothesis that ambient air moisture content is the driving force in the 

environmentally assisted fatigue of Zr-based BMGs. However, the lack of fatigue plateau 

in aerated deionized water contradicts this hypothesis. Indeed, this result would suggest 

that, while it has been scientifically demonstrated that the ambient air environment can be 

a source of fatigue plateaus for Zr-based BMGs, pure water (H2O) in the ambient air is 

not the root cause. It is therefore hypothesized by the author that a different airborne 

reactant (not pure water) is the source of the fatigue plateaus seen in Zr-based BMGs 

tested in ambient air. Given the nominal relationship between reported relative humidity 

and the observance of fatigue plateaus, this reactant is likely a trace element within either 

the air or water in the ambient environment. However, additional future research is 

required in order to pin-point the cause of environmentally assisted crack growth and 

fatigue plateaus in Zr-based BMGs in ambient air.  

 While the present data suggests a positive improvement in the fatigue behavior of 

Zr-based BMGs, it is important to note that more aggressive environments still pose a 

challenge to even Zr52.5Cu17.9Ni14.6Al10Ti5. Indeed, a pervious study has shown a decrease 

of 88 % in the endurance strength of Zr52.5Cu17.9Ni14.6Al10Ti5 when tested in a 0.6 M 

NaCl aqueous solution [72]. This is particularly important given the interest in applying 

Zr-based BMGs into the biomedical field where environments similar to saline aqueous 

environments are the norm. Additionally, through the research of Zr-based BMGs in 

fatigue, including parallel research to the currently presented data, it has been found that 

the presence of any porosity in the crack path can greatly reduce the endurance strength 

[75, 80]. Estimates for this negative effect determined for the current research were as 

high as a ~60 % reduction in the endurance strength [80]. Further exploration into both 

the effects of more aggressive environments and the effects of casting porosity are 

required to further understand the fatigue of not only Zr52.5Cu17.9Ni14.6Al10Ti5 but BMGs 

in general.  



41 

 

 The current research into Zr52.5Cu17.9Ni14.6Al10Ti5 when compared to other Zr-

based BMGs suggests that the improved fatigue properties of Zr52.5Cu17.9Ni14.6Al10Ti5 are 

as a result of its particular chemical composition. This suggests the possibility that further 

research into both Zr52.5Cu17.9Ni14.6Al10Ti5 and novel BMG compositions, both Zr-based 

and others, may produce BMGs which mitigate or are resistant the effects of environment 

on fatigue at more aggressive levels. 

3.4 CONCLUSIONS 

Based upon the experimental study of the fatigue-crack growth behavior of 

Zr52.5Cu17.9Ni14.6Al10Ti5 BMG presented, the following conclusions can be made: 

 Zr52.5Cu17.9Ni14.6Al10Ti5 was tested in both ambient air (20 to 40 % relative 

humidity) and in a dry inert nitrogen environment (both tests at 23 ± 2 °C). Both 

cases produced fatigue thresholds of ΔKTH ≈ 2 MPa√m and Paris Law variables 

of ~1.35 x 10
-10

 MPa
-2

·cycle
-1

 and ~2.0 for C and m respectively. 

 The excellent fatigue life behavior of Zr52.5Cu17.9Ni14.6Al10Ti5 was attributed to 

the relatively high fatigue threshold and a relative insensitivity the environmental 

degradation which is known to accelerate fatigue-crack growth rates of other Zr-

based BMGs when tested in air. Indeed, unlike other Zr-based BMGs tested in 

ambient air, Zr52.5Cu17.9Ni14.6Al10Ti5 did not exhibit a fatigue plateau or a regime 

where crack growth was independent of the applied stress intensity. Additionally, 

it was found that the fatigue life behavior of Zr52.5Cu17.9Ni14.6Al10Ti5 was 

identical when tested in ambient air or in a dry inert nitrogen environment. 

 The presented fatigue superiority of Zr52.5Cu17.9Ni14.6Al10 over other Zr-based 

BMGs indicates that a key element of fatigue resistance in BMGs is selecting the 

correct chemistry to avoid detrimental environmental effects on crack growth 

behavior.  

 The author hypothesizes that the source of environmentally assisted fatigue crack 

growth (and fatigue plateaus) seen in Zr-based BMGs tested in ambient air is the 

result of a reactant present in ambient air potentially associated with the relative 



42 

 

humidity, though not the pure water itself. Additional future research is required 

to fully understand this phenomenon. 

3.5 FUTURE WORK 

 Understanding the fatigue of Zr-based BMGs, and BMGs in general, is an 

ongoing endeavor. The work presented in this thesis does present the potential of a 

material which is resistant to the effects of environmentally assisted crack grow and 

stress-independent fatigue crack growth in an ambient environment. However, future 

work will include an investigation into the effects of more aggressive environments upon 

the fatigue properties of the Zr52.5Cu17.9Ni14.6Al10Ti5 BMG, beginning with a pure 

aqueous environment and moving towards more aggressive liquid environments (e.g. 

saline liquids). Additionally, varying levels of humidity and other possible reactants (e.g. 

CO2, Hydrogen, dust particulates, etc…) should be explored in order to further attempt to 

pin-point the true source of environmentally assisted crack growth in Zr-based BMGs. 

Finally; the present work suggests that the environmental effect is heavily dependent 

upon composition. This suggests that future experiments should be made upon Zr-based 

alloys near the composition of Zr52.5Cu17.9Ni14.6Al10Ti5 in an attempt to optimize the 

fatigue properties. 
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4 EFFECTS OF LIGAMENT SIZE UPON THE FRACTURE 

CHARACTERISTICS OF ZR52.5CU17.9NI14.6AL10TI5 

 Two common methods for the determination of fracture toughness in metals 

loaded in opening mode loading (Mode I) are the plane-strain fracture toughness, or KIC, 

method, described in ASTM Standard E399 [81] and the J-integral method described in 

ASTM E1820 [82]. Both methods measure the fracture toughness of a sample with a pre-

existing sharp crack. Additionally, in both cases, after testing, the conditional stress 

intensity factor, KQ, can be determined, as shown in Equation 3 and Equation 4. 

   
  

         
   

 

 
  

Equation 3 : General conditional stress intensity factor equation [82]. 

Where: 

  
 

 
   

 

 
        

 

 
     

 

 
 
 

    
 

 
 
 

    
 

 
 
 

  

Equation 4 : Sample size function for general KQ equation [82]. 

Note that, for Equation 3, “PQ” is the conditional maximum force, “B” is the 

sample thickness, “BN” is the sample notched thickness, “W” is the sample width and “a” 

is the crack length. Additionally, note that, for Equation 4, “ξ” and “ζ” are variables 

based upon sample size and “C0”, “C1”, “C2”, “C3” and “C4” are constants. Each of these 

values vary based upon sample type (e.g. SE(B) or C(T)). For additional information, see 

ASTM E1820 [82]. 

In all cases, KQ is calculated, then, based upon the observed conditions of the test 

and the sample size, either the KIC method or J-integral method are applied. Between 

these two factors, predominantly the differentiation between the KIC and J-integral 

methods is in the relationship between sample size and predicted fracture toughness. In 

order for KIC to apply, where the applied stress is simplified into a linear-elastic plane-

strain form, Equation 5 must be satisfied for the sample. 
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Equation 5 : KIC sample size requirement [81]. 

 Note that, for Equation 5; “b” is the un-cracked ligament length, “KIC” is the 

predicted plane-strain fracture toughness, and “σY” is the yield strength of the tested 

material. Samples not conforming to Equation 5 must be analyzed by the J-integral 

method. The J-integral method generalizes the energy release rate of a growing crack in 

order to determine the energy required to fracture a material [51] and can therefore 

provide equivalent information as KIC when applied to plane-strain Mode I loaded 

samples. Additionally, without the strenuous size requirements of KIC, the J-integral can 

be applied to metal samples of any size that meet the less strenuous sample size 

requirements shown in Equation 6. 

       
 

  
  

Equation 6 : Sample size requirement for J-integral [83]. 

Note that, for Equation 6; “J” is the calculated J-integral value and “M” is a size 

requirement factor that generally ranges between 20 and 100. Note that Equation 6 is an 

empirical equation based upon previous testing. Commonly used samples in fracture 

toughness testing (of either KIC or J-integral) are the C(T) sample (shown in Figure 18) 

and the low material single edge bend SE(B) specimen seen in Figure 22. 

 

Figure 22 : Single edge bend sample with dimensions. As described in [82]. 
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 Equivalent fracture toughness data for all samples (including C(T) and SE(B) 

sample types) that conform to the sample size requirements should be possible. Indeed, 

the American Society for Testing and Materials (ASTM) has undergone the research 

required to ensure that, given a crystalline metallic sample of adequate size as described 

in ASTM 1820 (for example; the sample seen in Figure 22) the J-integral method applies 

and results can be converted into equivalent and accurate KIC data [83]. However, there 

are a number of issues that may complicate the application of these results when applied 

to BMGs. The J-integral method size requirement is based upon materials that generally 

strain harden. As discussed in Section 2.4.3, BMGs are known to strain soften [58]. 

Additionally, (as discussed in Section 2.4.3) BMGs exhibit shear band propagation and 

spacing which is dependent upon sample thickness [60]. This effectively creates size 

dependence for ductility in BMGs which is not expressed in crystalline metals. Due to 

these critical differences in BMGs compared to crystalline metals, additional research 

into the effect of size upon BMG fracture toughness experiments is required. 

 The following research is presented as part of an ongoing effort in order to 

illuminate the potential of size effects upon fracture toughness values for BMGs. 

4.1 DETAILED MATERIALS AND EXPERIMENTAL METHODS 

4.1.1 MATERIALS 

 Commercial Zr52.5Cu17.9Ni14.6Al10Ti5 BMG plates on nominal size 30 mm by 30 

mm were procured from Liquidmetal Technologies. These plates were machined into 

C(T) samples of two nominal sizes; two samples of width, W = 21.5 mm and thickness, B 

= 2.0 mm and two samples of W = 19.8 mm and B = 2.3 mm. The compact tension 

samples are in accordance with the ASTM standard E399 [81]. These samples were then 

polished, annealed, micro-notched, and mounted with a strain gauge as described in 

Section 3.1.1. Additionally, for two of the samples, the micro-notch was extended out by 

an additional 2 to 3 mm in order to reduce total time spent during the fatigue pre-cracking 

process. 
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 In total, four Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples were prepared using the 

method described in this section. 

4.1.2 FATIGUE PRE-CRACKING 

 All Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples were fatigue pre-cracked using 

the same method described in Section 3.1.2. However, unlike ASTM E647 for fatigue 

crack growth, ASTM E399 for KIC testing requires that the final pre-test crack length, a, 

be between 0.45 and 0.55 of the width, W (a/W = 0.45 to 0.55) [81]. Therefore, samples 

were prepared with final ratios of crack length to width, a/W, of between 0.496 and 

0.500. In addition, final values of ΔK used while fatigue pre-cracking were between 4 to 

5 MPa√m. After fatigue pre-cracking, the un-cracked ligament size, b, was measured as 

10.8 mm (for samples with W = 21.5 mm) and 9.9 mm (for samples with W = 19.8 mm). 

 In total, four Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples were fatigue pre-

cracked using the method described in this section. 

4.1.3 C(T) FRACTURE TOUGHNESS TESTING 

 All four Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) samples were tested for fracture 

toughness as described in ASTM E399 [81]. All tests were performed using a computer-

controlled servo-hydraulic Instron 8501 mechanical testing machine (Instron 

Corporation, Norwood, MA, USA). In all cases, the load was monitored utilizing an 

Instron 2518-611 100 kN dynamic load cell (Instron Corporation, Norwood, MA, USA). 

Displacement of the sample was measured by a combination of a Capacitec capacitance 

gauge (Capacitec Inc., Ayer, MA, USA) and strain gauge measurements. All tests were 

performed in ambient air conditions with a nominal test temperature of 23 ± 2 °C and 

relative air humidity in the range of 20 to 40 %. All tests were run under displacement 

control at a constant rate of 0.08 mm/minute (1.33 μm/sec). In all cases, collected 

displacement data was found to be linear, with respect to applied force, to failure. This 

was determined to be characteristic of a Type III CMOD as described in ASTM E399 

[81]. 
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4.1.4 SAMPLE CONTINUITY 

 Upon completion of fracture toughness testing sample material was shared with 

the group of B. Gludovatz and R. O. Ritchie (Lawrence Berkeley National Lab, Berkeley, 

CA, USA). This was done by carefully removing the untested material away from the 

crack surface. Material removal was performed using Buehler IsoMet 4000 precision 

linear saw (Buehler, Lake Bluff, IL, USA). Special care was taken during the cutting 

process to avoid any damage to the crack surface. Upon removal of the excess material, 

the crack surfaces were stored at Oregon State University while the excess material was 

labeled, so as to maintain continuity between testing, and shipped to the group of B. 

Gludovatz and R. O. Ritchie. 

4.1.5 SE(B) FRACTURE TOUGHNESS SAMPLE PREPARATION AND TESTING 

 The following section describes experiments performed by the group of B. 

Gludovatz and R. O. Ritchie and not the author. Samples were machined out of the 

excess material described in Section 0. Single edge beams SE(B) samples (as seen in 

Figure 22) were machined in two nominal sizes: larger samples with dimensions; 

thickness, B, of 2 mm, width, W, of 4 mm and length, L of 18 mm and smaller samples 

with dimensions; B = 2 mm, W = 2 mm and L = 10 mm. All samples were first ground 

gradually with 180# to 4000# silicon carbide paper before being polished with diamond 

paste to a 1 μm finish on the tensile surface. A blunt notch was cut into each sample with 

a diamond blade and sharpened using a razor blade irrigated in 1 μm water-based 

diamond suspension. On all samples, the corners next to the tensile surface were slightly 

rounded to reduce the stress concentration. 

 All samples were fatigue pre-cracked in cyclic tension at a frequency of 25 Hz, a 

constant load ratio, R = 0.1 and stress-intensity ranges of ΔK = 5 to 7.5 MPa√m. All 

samples were fatigue pre-cracked until a single sharp straight crack had progressed to a 

ratio, a/W = 0.45 to 0.55. In all cases, the final ΔK value applied for fatigue pre-cracking 

was between 5 and 8 MPa√m. After fatigue pre-cracking, the un-cracked ligament size, b, 

for all samples was measured to be between 0.29 and 2.18 mm. 
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All samples were fracture toughness tested as described in ASTM E1820 [82]. All 

tests were performed using a Gatan MicroTest 2 kN bending stage (Gatan, Abingdon, 

UK) in three-point bending. All tests were conducted in displacement control at a 

displacement rate of 0.83 μm/sec (0.0498 mm/minute) using a loading span of S = 16 mm 

for the larger samples and S = 8 mm for the smaller samples. In all KIC and J-integral 

valid cases, collected displacement data was found to be linear, with respect to applied 

force, to failure. In all cases, the sample failed without significant plastic deformation. 

 In total, 20 Zr52.5Cu17.9Ni14.6Al10Ti5 BMG SE(B) samples were prepared, fatigue 

pre-cracked and tested using the method described in this section. 

4.2 RESULTS 

 Results of the four performed C(T) fracture toughness tests upon 

Zr52.5Cu17.9Ni14.6Al10Ti5 BMG samples produced KQ values of 28.0, 18.7, 28.8 and 25.7 

MPa√m, with maximum applied loads of 867.0, 567.9, 952.9 and 877.0 N respectively. 

Given the Type III CMOD test, KQ was determined to be equal to KIC. Post test analysis 

revealed that all tests were run at a stress-intensity factor rate, Krate, of 0.11 to 0.12 

MPa√m/sec. Note that these Krate values are similar to the values used to test the SE(B) 

samples described in Section 4.1.5, but slower than rates prescribed by ASTM E399. 

These results are combined with the results of the 20 SE(B) samples in Table 1. Note that 

the total data created three separate data sets: four C(T) samples that conform to KIC 

requirements, four SE(B) samples that conform to KIC requirements and four SE(B) 

samples that conform to KJ (J-integral) requirements but not KIC requirements. In 

addition, 8 samples did not conform to either KIC or J-integral requirements and were 

considered sub-sized. These sub-sized data points are included in Table 1, but were not 

included in any statistical analysis. Note that, as stated in Section 4.1.5 even in the case of 

the SE(B) KJ sample set, the samples failed without significant observed plastic 

deformation. 
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Table 1 : Fracture toughness results for Zr52.5Cu17.9Ni14.6Al10Ti5 BMG C(T) and SE(B) 

samples differentiated by applicable fracture toughness standard. 

 

 An ANOVA Tukey HSD statistical comparison was performed for the three 

separate sample sets (as seen in Table 1) of C(T) KIC, SE(B) KIC and SE(B) KJ. This 

statistical analysis determined that there was no statistically significant difference (p > 

0.05) between the C(T) KIC and SE(B) KIC. However, the differences between the SE(B) 

KJ and both the C(T) KIC and SE(B) KIC were found to be statistically significant (p < 

0.05). 

4.3 DISCUSSION  

 When comparing the C(T) to SE(B) samples the true differentiation is in the 

sample size, specifically the un-cracked ligament size, b, as the sample shapes themselves 

should not significantly affect the results. Regarding the presented results, primarily; it is 

shown that in samples with large and small values of b when the KIC criteria apply, there 

is no statistically significant difference in fracture toughness. This suggests that in 

samples which conform to the requirements for KIC testing (as described in Equation 5) 

the results are sample size independent. 

 The SE(B) KJ sample set (as seen in Table 1) was found to be statistically 

different to both sample sets conforming to the KIC standard. This suggests that the J-

integral method does not produce an equivalent result to the KIC method when applied to 

BMGs. This is of particular interest given that it has been specifically reported that 
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results for both the KIC and KJ method are equivalent for crystalline metals [83]. The J-

integral method is determined through a sum of elastic (Jel) and plastic (Jpl) components 

and therefore the strain softening behavior of BMGs [58] (as discussed in Section 2.4.3) 

could potentially effect KJ results. However, as stated in Section 4.2, the KJ results all 

occurred within samples that failed without significant plastic deformation. Therefore, the 

calculated plastic component of KJ was determined to be zero in all cases and the strain 

softening plasticity of BMGs could not have had an effect upon the results. In lieu of this, 

the J-integral size requirement itself (as seen in Equation 6) is likely the cause of the 

difference in fracture toughness result. The J-integral size requirement is an empirically 

determined equation which is based off of previous testing. Given that most ductile 

materials experience strain hardening behavior, it is unlikely that the J-integral size 

requirement was designed for strain softening materials such as BMGs. 

 When comparing the current BMG data with reported crystalline metal data 

another trend is illuminated. Figure 23 below displays the effect of using samples with b 

values lower than those required for ASTM E399 in an example crystalline metal. 
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Figure 23 : Fracture toughness data for samples both conforming and non-conforming to 

KIC standards. Results shown for 6061-T651 aluminum alloy with KQ values based upon 

the 0.95 secant method have been plotted based on data from [83]. 

 Figure 23 displays an example that, as sample size diminishes further from the KIC 

standard, the predicted stress intensity, KQ, of crystalline metals has a tendency to 

decrease [83]. This is of particular interest given that all KQ values for sub-sized SE(B) 

samples (with low b values) shown in Table 1 are higher than those values calculated 

samples that conformed to the KIC standard. Additionally, the SE(B) KJ data set seen in 

Table 1 was shown to be higher, in a statistically significant fashion, than either set of 

samples shown to conform to the KIC standards. This creates a trend for BMGs which is 

opposite of the trend for crystalline metals. This trend for the tested BMG samples is 

shown in Figure 24. 
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Figure 24 : Predicted stress intensity factor, KQ, as a function of un-cracked ligament size, 

b, for current samples. The results display a general increasing trend with decreasing un-

cracked ligament size [84]. 

Given the current results, the author presents two hypotheses that serve as 

potential explanations for the discrepancies between BMG and crystalline metal behavior 

in fracture toughness testing. First, the author currently proposes that the J-integral 

method presented in ASTM E1820 does not provide equivalent results to the KIC method 

presented in ASTM E399 when applied to BMGs due to the strain softening behavior of 

BMGs. The J-integral sample size requirement itself is empirically based upon testing of 
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materials and is likely intrinsically based upon strain hardening behavior. Given this 

discrepancy, the author hypothesizes that the J-integral sample size requirements are not 

always valid for BMG samples and may allow for sub-sized samples to be accepted. 

Second, the author currently proposes that the observed increase in fracture toughness as 

sample size and b diminish is the result of BMG’s size dependent plasticity, as described 

in Section 2.4.3. It has been shown that the shear band spacing within a BMG decreases 

as the sample size decreases [60]. Failure in BMGs occurs by strain localization at shear 

bands which causes individual shear bands to develop into cracks. By minimizing the 

distance between shear bands it becomes very difficult for strain to localize at individual 

shear bands and therefore crack initiation is resisted. This process greatly increases the 

plastic deformation and macroscopic ductility of the BMG and therefore increases the 

fracture toughness. It is hypothesized that this exact effect is occurring within the low b 

value samples. However, above the KIC standard, sample size is too large (or applied 

stress is too low) for this effect to greatly reduce crack initiation. Therefore the fracture 

toughness remains constant for samples which achieve the KIC standard requirements. 

 The current research still requires additional testing in order to further substantiate 

the hypotheses presented in this thesis. While two potential explanations have been 

presented, neither is currently supported with experimental evidence. However, it is 

apparent that sample size can indeed affect fracture toughness results in BMGs in ways 

that are not experienced by crystalline metals. 

4.4 CONCLUSIONS 

 Based upon the experimental study of the fracture toughness behavior of 

Zr52.5Cu17.9Ni14.6Al10Ti5 BMG presented and based upon un-cracked ligament size, the 

following conclusions can be made: 

 When the requirements for KIC as presented in ASTM E399 are valid there is no 

statistically significant dependence upon the un-cracked ligament size of the 

samples tested. However, samples conforming to the J-integral requirements 
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presented in ASTM E1820 but not the KIC requirements presented in ASTM E399 

showed a statistically significant difference from those samples conforming to the 

KIC requirement. 

 When the requirements for KIC as presented in ASTM E399 are not valid the 

value of KQ is shown to increase from the values experienced by KIC valid 

samples. This is in contrast to previously reported data for crystalline metals. 

 It is currently hypothesized by the author that the J-integral method will not 

provide an equivalent result to the KIC method in BMGs. This is hypothesized to 

be the result of the strain softening behavior of BMGs which stands in opposition 

to the strain hardening behavior expected by the J-integral size requirement. This 

discrepancy in behavior may allow for sub-sized samples to be accepted. 

 It is currently hypothesized by the author that this increase in fracture toughness 

with decreasing sample size below the KIC standards is the result of the direct 

relationship between sample size and shear band spacing that has been reported in 

BMGs. This relationship causes a critical thickness for significant ductility in 

BMGs which appears to occur at sizes below the KIC standard. 

4.5 FUTURE WORK 

 The results and discussion presented are the result of the initial stages of research 

into the subject of the size dependence of fracture toughness testing in BMGs. Future 

testing should focus around determination of the specific mechanisms that cause the 

discrepancy in fracture toughness of BMGs compared to crystalline metals. Future work 

should also include additional research into both Zr-based BMGs and BMGs of other 

compositions in order to expand the observations to all BMG compositions. The goal of 

this research should be to better determine the complex nature of BMGs at small scales. 

Given the potential for elevated toughness as sample sizes are reduced and the currently 

growing interest in micro- and nano-technology, research into the size dependence of 

BMGs upon fracture properties could provide a useful avenue for commercial and 

industrial BMG growth.  
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5  EFFECTS OF AGING NEAR THE SLOW BETA RELAXATION 

ON MECHANICAL BEHAVIOR OF AN AU-BASED BMG 

 Due to their amorphous nature, there are a number of qualities that set BMGs 

apart from their crystalline counterparts. While some offer positive qualities for the use of 

BMGs in commercial applications (i.e. reduced or eliminated casting shrinkage), one 

major pit fall for the use of BMGs is their reaction to temperatures near Tg. This 

interaction is of great concern in Au-based BMGs. Many Au-based BMGs have been 

considered for commercial applications such as dentistry and jewelry due to their 

chemically inert nature and aesthetic appearance [24]. These applications come with 

operating temperatures at or near human body temperature; 37 °C (310 K). Reported Tg 

values for Au-based BMGs are 75 to 128 °C (348 to 401 K) at a heating rate of 0.33 

°C/sec, with variation based upon changes in composition [24, 85]. Based upon the slow 

β and α relaxation temperatures of 75 to 80 % of Tg [34-36] and 90 to 95 % of Tg [30-33] 

respectively, the operating temperature of these BMGs fall in the range of the relaxations. 

The potential effects of this thermal interaction on an Au49Ag5.5Pd2.3Cu26.9Si16.3 

BMG were first illuminated by the group of Z. Evenson and R. Busch (Lehrstuhl für 

Metallische Werkstoffe, Universität des Saarlandes, Saarbrücken, Germany). They tested 

samples of Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG by differential scanning calorimeter (DSC) 

after various heat treatments. DSC operates by measuring heat flow of a sample as a 

function of changing temperature and is generally used to identify the temperature of 

phase changes such as Tg, Tx, and Tm. These experiments were meant to simulate potential 

peak operation temperatures at 50 °C (323 K). With a reported Tg for 

Au49Ag5.5Pd2.3Cu26.9Si16.3 of 128 °C (401 K) at a heating rate of 0.33 °C/sec [24, 85], the 

potential for slow β relaxation thermal interactions was present. The resultant DSC 

curves are shown in Figure 25. 
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Figure 25 : DSC curves for Au49Ag5.5Pd2.3Cu26.9Si16.3 at various heat treatments [86]. 

 The DSCs in Figure 25 show a general increase in heat treatment severity; 

progressing from as-cast to heating to 50 °C (323 K) and cooling to heating to 50 °C (323 

K) and holding for 24 hours and finally to a one year “anneal” at room temperature. In all 

curves exhibit the same inflection point at ~50 °C (323 K) and strong peak at ~140 °C 

(413 K). These two inflections bracket the constant heating rate relaxation time 

distribution described for amorphous materials [87]. This relaxation time distribution has 

been shown to consist of the glass transition as well as the secondary relaxations (e.g. 

slow β relaxation and α relaxation) in liquids, polymers and plastic crystals [87]. The 

shift seen in Figure 25 between 50 and 140 ºC (323 and 413 K) with increasing heat 

treatment severity is considered to be the result of a general increase in the average of the 

relaxation time distribution as the heat treatments cause the secondary relaxations to 
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activate [88]. This is an irreversible process and is occurring at temperatures near the 

accepted slow β relaxation range, as 50 °C (323 K) = 80.5% of Tg, 128 °C (401 K).  

To date there is not a strong understanding of the slow β relaxation and its effect 

on BMGs. This research is focused on developing a greater understanding of the slow β 

relaxation and its effect on the elastic and plastic mechanical properties of Au-based 

BMGs and to further explain the trends seen in Figure 25. 

5.1 DETAILED MATERIALS AND EXPERIMENTAL METHODS 

5.1.1 MATERIALS 

BMG samples with the nominal composition Au49Ag5.5Pd2.3Cu26.9Si16.3 were 

produced by the group of Z. Evenson, I. Gallino and R. Busch (Lehrstuhl für Metallische 

Werkstoffe, Universität des Saarlandes, Saarbrücken, Germany). These samples were 

produced by tilt-casting in a high-purity argon-flushed atmosphere into a water-cooled 

copper mold. In order to avoid any aging of the material due to room temperature (~20 to 

25 °C (293 to 293 K)), samples were stored in a freezer at ~-5 °C (268 K) when not in 

use and time spent out of the freezer for sample machining or experiments was 

minimized. The samples were formed into three separate sample types, rectangular bars 

of nominal cross-section 2.5 mm by 11 mm and length 31.0 mm (three samples), 

rectangular bars of cross-section 1.0 mm by 12.8 mm and length 27.9 mm (one sample) 

and cylindrical samples of nominal diameter 3.0 mm and length 6.0 mm (six samples) so 

as to produce a length to diameter aspect ratio of 2:1. Initial XRD measurements were 

performed and all samples were confirmed to be fully amorphous. 

5.1.2 DMA TESTING PROCEDURE 

One rectangular bar sample was tested by DMA utilizing a TA Instruments 

Rheometer outfitted to perform DMA experiments (TA Instruments, New Castle, DE, 

USA). The rectangular sample of cross section 1.0 mm by 12.8 mm was tested by this 

method. The test was conducted in torsion and the resulting output was representative of 

the shear moduli. The test was conducted at a constant frequency of 1 Hz and a heating 
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rate of 0.05 °C/sec between temperatures of -20 °C and 150 °C (253 to 423 K). Upon 

completion of the test, the data was normalized to the α relaxation peak height. 

5.1.3 ISOTHERMAL AGING AND IMPULSE EXCITATION TESTING PROCEDURE 

Three rectangular bar samples were tested under isothermal conditions by an 

impulse excitation method. The three rectangular samples of nominal cross section 2.5 

mm by 11 mm were tested by this method. Temperature was maintained by immersing 

the samples in a deionized water bath outfitted with a Cole-Parmer Polystat Digital 

Immersion Circulator fluid heater (Cole-Parmer, Court Vernon Hills, IL, USA). Bath 

temperatures were recorded during each test and anneal temperatures were controlled to 

within ± 0.1 °C. Samples were placed within the bath for a set amount of time, then 

removed, cooled with room temperature water (20 to 25 °C) for ~30 seconds, then 

removed and the elastic properties were tested by impulse excitation method as described 

in ASTM E1876 [89]. 

In order to ensure an accurate measurement of the elastic properties, preliminary 

tests were conducted. These tests were predominately conducted in order to ensure that 

the sample was able to fully cool from its high temperature state to a lower temperature 

state once it had left the thermal bath. This was done because elastic properties in metals 

are dependent upon the current temperature of a sample at the time of testing [27]. 

Samples were allowed to slowly reach room temperature (~20 °C (293 K)) then were 

quickly quenched in an ice bath (~0 °C (273 K)). Samples were allowed to remain in the 

ice bath for varying lengths of time. These tests showed that after 3 seconds of 

temperature equilibration in the ice bath no further changes in the elastic properties were 

observed. It was therefore determined that the prescribed 30 second hold time used when 

the test samples were removed from the thermal bath would be sufficient to reach an 

equilibrium temperature. It is important to note that this preliminary test was conducted 

using a negative temperature gradient (from 20 °C to 0 °C) instead of a positive 

temperature gradient so as to avoid irreversible effects upon the samples which could 

alter the results. 
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The impulse excitation method described in ASTM E1876 operates by collecting 

the resonance frequencies within the sample in order to determine the elastic properties. 

Samples are tested in four different orientations so as to excite four different resonant 

modes; out of plane flexure, in plane flexure, longitudinal and torsion. These resonant 

frequencies are used to calculate the elastic properties per an iterative process as 

described in ASTM 1876 [89]. 

Three total samples were tested by the method described in this section. Two 

samples were tested at an anneal temperature of 50 °C (323 K) and one was tested at an 

anneal temperature of 37 °C (310 K). Samples were tested my impulse excitation every 

5-15 minutes through the first ~8 hours of the test, then tested every 1-8 hours through 

the remainder of the test (110 to 250 hours depending on the test). Anneal treatments 

were run continuously so as to maintain continuity and avoid additional thermal effects of 

stopping/re-starting the test. 

5.1.4 COMPRESSION TESTING 

Compression tests were conducted in order to determine the effect of annealing 

time upon compressive strength. Tests were run upon six cylindrical samples. Testing 

was conducted upon a computer-controlled servo-mechanical Instron 4505 mechanical 

testing machine (Instron Corporation, Norwood, MA, USA) utilizing an Instron 2525-810 

static 30 kN load cell (Instron Corporation, Norwood, MA, USA). Tests were run 

utilizing a custom built universal joint so as to apply even loading throughout testing. All 

tests were run at a quasistatic compression rate of 5.7·10
-6

 m/sec to catastrophic failure. 

Failure stress was calculated from the load at failure and the initial cross-sectional area. 

All samples failed without noticeable plastic deformation. All post-test pieces of the 

original samples were collected and checked for porosity utilizing optical microscopy. No 

significant porosity was discovered. 

Of the six samples tested, three were tested in an as cast state, and three were 

tested after an anneal at 37 °C (310 K) for 400 minutes (24 ksec). This anneal 

temperature and time were chosen because they marked a minimum value in elastic 
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properties during isothermal aging testing. In addition, nine samples, five as cast and four 

annealed at 37 ºC (310 K) for 24 ksec, were tested by collaborator J. J. Kruzic (Oregon 

State University, Corvallis, OR, USA). 

5.2 RESULTS 

Results of the DMA test upon an Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG sample, 

normalized to the observed α relaxation temperature, are shown in Figure 26. This data 

displays the shear modulus (G”). It can be seen that there is a large peak occurring at 

~140 °C (413 K) as well as a smaller, but distinct peak occurring at ~50 °C (323 K) 

(which is labeled in Figure 26 as “slow beta peak”). 

 

Figure 26 : DMA scan of Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG highlighting the slow β peak at 

~50 °C (323 K). 

Results of the isothermal anneal tests upon Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG 

samples are shown in Figure 27. Data is normalized to the initial Young’s modulus 

determined by the average of five tests, conducted at room temperature, by impulse 

excitation before annealing began. It can be seen that, in all cases, the modulus undergoes 

two distinct trends, first a quick drop (of ~ 2 % of Einitial in all cases) followed by a slow 

rise. In the case of the 37 °C (310 K) annealed sample, both the initial drop and ensuing 
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rise occur at a slower rate than in each of the 50 °C (323 K) annealed samples. The 

trough in modulus is shown to be ~ 24 ksec (400 minutes) for the sample annealed at 37 

°C (310 K) and ~0.9 ksec (15 minutes) for the two samples annealed at 50 °C (323 K). In 

all cases, the error bars shown in Figure 27 are representative of the “worst case” 

standard deviation that was established by extensive testing of each sample in an as cast 

state prior to testing. More extensive data collection for each annealing time was not 

performed in order to limit the time each sample spent outside of the annealing bath. 
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Figure 27 : Normalized Young’s modulus data for nominal Au49Ag5.5Pd2.3Cu26.9Si16.3 

BMG samples annealed at 37 °C and 50 °C (310 and 323 K) collected by impulse 

excitation. 

 In addition to the elastic modulus, Poisson’s ratio was collected throughout the 

isothermal aging process for each of the three samples tested. As shown in Figure 28, 

Poisson’s ratio remained relatively constant throughout the entirety of each test. 
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Figure 28 : Poisson’s ratio data for nominal Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG samples 

annealed at 37 °C and 50 °C (310 and 323 K) collected by impulse excitation. 

The results of compression testing upon Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG samples 

in both an as cast state and annealed at 37 °C (310 K) for 400 minutes (24 ksec) are 

shown in Table 2. Samples labeled as Sample 6, Sample 7, Sample 12, Sample 13 and 

Sample 14 were tested by the author, while all other samples were tested by J. J. Kruzic 

following the technique described in Section 5.1.4. One of the three as cast samples failed 

before data collection was started and was therefore not included in the final results. 

Results for samples annealed at 37 °C (310 K) for 400 minutes were found to be slightly 
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lower than those in an as cast state; 938 ± 103 MPa and 968 ±83 MPa respectively. 

Additionally, a student-t test was completed (two tailed, unpaired distribution). This 

student-t test gave p = 0.566 where p < 0.05 is assumed to be statistically significant. 

Table 2 : Results of compression testing upon Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG samples in 

both an as cast state and after an anneal at 37 °C (310 K) for 400 minutes. 

 

5.3 DISCUSSION 

 The scientifically predicted slow β relaxation for Au49Ag5.5Pd2.3Cu26.9Si16.3, based 

upon Tg = 128 °C (401 K) [24, 85], should fall between the range of 28 to 48 °C (301 K 

to 321 K). The DSC data in Figure 25 displays inflection points for all heat treatments at 

~50 °C (323 K). This is likely associated with the slow β relaxation. However, DMA data 

is required in order to substantiate this claim. It can clearly be seen that there is an 

inflection occurring at ~50 °C (323 K) in Figure 26. This provides clear evidence that the 

slow β relaxation is expressed in Au49Ag5.5Pd2.3Cu26.9Si16.3 and lies at ~50 °C (323 K). 

Additionally, it should be noted that the predicted α relaxation seen in Figure 26 occurs at 

~140 °C (413 K) which would suggest a value of Tg of 162 to 186 °C (435 to 459 K), 

based upon the scientific prediction of Tα = 90 to 95 % of Tg. This discrepancy between 
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this value and the reported value is likely due to the difference in heating rate; 0.33 

°C/min versus 3 °C/min for the published value and the current data respectively. The 

heating rate is known to alter determined thermal values such as Tg, Tα and Tβ [28]. This 

suggests that the determined temperature value of the slow β relaxation could change by a 

matter of degrees given a different heating rate. However, for low testing frequencies the 

value should remain at or near 50 °C (323 K). 

 While DMA measures the changes in dynamic elastic properties over relatively 

short time scales, it is also of interest to understand the evolution of these elastic 

properties over longer time scales. This was achieved through the isothermal annealing 

process described in Section 5.1.3. The results shown in Figure 27 display two distinct 

and statistically significant trends for each of the three samples tested: a quick drop in 

Young’s modulus followed by a slow increase in Young’s modulus. It is currently 

hypothesized by the author that these two effects are two separate functions of the slow β 

relaxation. 

A two stage slow β relaxation process is not entirely novel to glassy solids. S. V. 

Nemilov and G. P. Johari described a similar process to occur in silicate oxide glasses 

aged at room temperature [90]. In their model’s first process: areas of high free volume 

(or low density) spontaneously collapse at a rate related to the slow β relaxation, causing 

the high density material directly surrounding the free volume to become locally stressed 

with the excess elastic energy [90]. In their model’s second process: the locally stored 

elastic energy is slowly released out of the newly stressed material into the wider 

surrounding high density matrix, causing the density of the glass to decrease 

homogeneously [90]. While this process is dependent upon the silicate oxide glass 

bonding structure, it still offers support for the possibility of the two phase slow β 

relaxation process described in this section. 

As discussed in Sections 2.2 and 2.3, the slow β relaxation in BMGs is thought to 

be the result of a short scale atomic rearrangement that occurs within the low density 

regions of a BMG. It is currently thought that this atomic motion allows the low density 
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regions to rearrange into flow units and potentially act in a similar manner to STZs, 

allowing for lower energy shearing of the BMG. In light of the new data presented in this 

thesis, it is currently hypothesized by the author that this process occurs in two stages that 

mirror the two stage process described by S. V. Nemilov and G. P. Johari. In the first 

stage; the initial drop in Young’s modulus is hypothesized to be the result of an initial 

localized stressing of the locally surrounding high density matrix as the flow unit atoms 

loosen and collapse, creating a potentially lower strength BMG. This localized stress 

takes the form of internal stress (as opposed to external applied stresses) at the interface 

between the high density and flow unit areas of the BMG. The subsequent second stage is 

hypothesized to be a long period where the thermal energy allows the collapsed flow 

units, locally stressed high density atoms and surrounding high density matrix to slowly 

rearrange into an STZ-like form, causing an increase in Young’s modulus and, 

potentially, an increase in strength and decrease in toughness. 

Another potential explanation for the behavior seen in Figure 27 is that α 

relaxation is altering the results. However, it has been reported that an isothermal aging 

process to induce the α relaxation will decrease the Poisson’s ratio of a BMG [38]. As 

seen in Figure 28, no significant change in the Poisson’s ratio was observed over the 

course of testing for any of the samples. This suggests that the observed process is solely 

the result of the slow β relaxation. 

 The effects of isothermal aging near the slow β relaxation were explored at two 

separate temperatures; the determined slow β relaxation temperature of 50 °C (323 K) 

and the expected application temperature of 37 °C (310 K). Figure 27 displays that the 

isothermal anneal at 37 °C (310 K) still exhibits the same two trends observed at 50 °C 

(323 K). However, due to the decreased thermal driving energy, the two processes occur 

more slowly, with the initial drop in Young’s modulus requiring ~25 times longer to 

occur and the slow rise in Young’s modulus to occur at a lower rate.  

 The observed changes in the elastic properties during isothermal aging prompted 

further investigation of the macroscopic effects of the slow β relaxation. Compression 
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testing, as described in Section 5.1.4 was performed in order to determine the 

macroscopic effect of these observed changes. Samples were tested as cast and at a heat 

treatment representative of the trough observed in Figure 27. These results (as seen in 

Table 2) initially display that the maximum compressive stress does indeed decrease as a 

result of the isothermal aging process. This supports the hypothesis presented in this 

section that the initial drop in Young’s modulus is the result of a collapsing of flow units 

and localized internal stressing which causes a reduction in overall strength. However, by 

student t-test it was determined that the results were not statistically significant. 

Therefore, while it is very possible that an effect is occurring, it is not possible to support 

the conclusion that there is macroscopic effect of the slow β relaxation with the current 

testing due to the small sample size. 

 The results presented for Au49Ag5.5Pd2.3Cu26.9Si16.3 prove that an isothermal aging 

process at or near the slow β relaxation temperature will produce a change in the elastic 

moduli. The observed two stage change is hypothesized to be the result of two stages of 

change that occur within the low density flow units in a BMG’s microstructure. 

Additionally, lowering the temperature and thermal driving energy caused both processes 

to occur at a lower rate. While this two stage change is observed in a statistically 

significant way in elastic moduli, compressive testing failed to produce a statically 

significant difference between samples as cast and samples heat treated to produce the 

lowest observed elastic moduli. 

 The low glass transition temperature for Au49Ag5.5Pd2.3Cu26.9Si16.3 allow for easy 

observation of the slow β relaxation and its subsequent effect on macroscopic material 

properties. Additionally, given that the intended application conditions are near the 

determined slow β relaxation temperature range, additional understanding is necessary to 

facilitate commercialization of Au49Ag5.5Pd2.3Cu26.9Si16.3. While the current research 

offers proof of a change and hypotheses of the microscopic cause, additional research 

should be focused upon a greater understanding of the processes associated with the slow 

β relaxation in Au49Ag5.5Pd2.3Cu26.9Si16.3 and all BMGs. 
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5.4 CONCLUSIONS 

Based upon the experimental study of the slow β relaxation of 

Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG presented, the following conclusions can be made: 

 By DMA the slow β relaxation of Au49Ag5.5Pd2.3Cu26.9Si16.3 was identified to 

occur at ~50 °C (323 K) for heating rates of 3 °C/min and frequencies of 1 Hz. 

 When isothermally aged at (50 °C (323 K)) or near (37 °C (310 K)) the slow β 

relaxation temperature, the elastic moduli of Au49Ag5.5Pd2.3Cu26.9Si16.3 were 

shown to undergo two distinct and statically significant processes. First, a quick 

drop in elastic modulus of ~2 % of Einitial. Second, a slow increase in elastic 

modulus. Additionally, these processes were found to occur significantly faster 

when aged at 50 °C (323 K) over 37 °C (310 K), with the initial drop in elastic 

modulus occurring ~25 times faster. These two processes were determined to be 

the result of the slow β relaxation due to the lack of change in Poisson’s ratio 

which has been reported to accompany the effects of the α relaxation in 

isothermal aging. 

 The author hypothesizes that this two phase alteration in elastic moduli is the 

result of two separate processes occurring under the guise of the slow β 

relaxation. Initially, a quick change of density (collapse or loosening) and 

subsequent stressing of local atoms near the low density flow units. Second, a 

slow relaxation of the accumulated stress at and near the flow units, potentially 

causing the formation of STZ-like structures. 

 Compression tests were performed upon as cast and samples heat treated at 37 °C 

(310 K) for 400 minutes. The latter heat treatment was meant to simulate the 

lowest observed elastic modulus value when isothermally aging. The results 

showed the maximum compressive stresses to be 968 ± 83 MPa and 938 ± 103 

MPa for as cast and heat treated respectively. A student t-test run as an unpaired, 

two tailed distribution produced a value of p = 0.556 when p < 0.05 is statistically 

significant. Therefore, no statistically significant difference was observed. 



69 

 

5.5 FUTURE WORK 

 The work presented here has served as a starting point for currently occurring and 

future work concerning the macroscopic property effects of the slow β relaxation on 

Au49Ag5.5Pd2.3Cu26.9Si16.3 BMGs and potentially all BMGs. Ongoing efforts are being 

driven by the group of Z. Evenson, I. Gallino and R. Busch at Universität des Saarlandes 

as well as J. J. Kruzic at Oregon State University. Current endeavours are focused around 

the use of Synchrotron x-ray diffraction in order to collect high precision data upon the 

microscopic effects of the BMG and its structure at or near the slow β relaxation 

temperature. The goal of this research is to develop an experimentally grounded 

understanding of the atomic motions that occur within the BMG at or near the slow β 

relaxation temperature. 
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6 SUMMARY AND CONCLUSIONS 

 The experiments, results and discussion presented in this thesis were focused 

around the goal of adding to the scientific community’s understanding of BMGs. This 

was done by addressing three different research questions, each posed with the intention 

of broadening the understanding of specific and currently under-understood aspects of the 

mechanical properties of BMGs. 

The positive fatigue properties of Zr52.5Cu17.9Ni14.6Al10Ti5 BMG were explored as 

a function of the ambient environment. Fatigue crack growth data was collected and 

compared for Zr52.5Cu17.9Ni14.6Al10Ti5 in ambient air (20 to 40 % relative humidity) and 

an inert dry nitrogen environment. It was found that, in contrast to Zr44Ti11Ni10Cu10Be25, 

Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 and Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMGs, no environmentally 

influenced fatigue plateau was observed in either ambient air or an inert environment. By 

comparing the changes in chemistry in these Zr-based BMGs it was determined that the 

change in chemistry is the critical factor that creates the environmental resistance of 

Zr52.5Cu17.9Ni14.6Al10Ti5. Additionally, through discussion of current and previous 

research, the author hypothesized that a reactant in the ambient air (though not the water 

itself) was the source of the environmentally assisted fatigue cracking in Zr-based BMGs. 

However, additional future research is required to fully understand this phenomenon. 

The size dependence of the fracture properties of BMGs were explored through 

testing of Zr52.5Cu17.9Ni14.6Al10Ti5 BMG samples. C(T) and SE(B) samples of varying un-

cracked ligament sizes were fracture tested following ASTM E399 and E1820 standards 

for KIC and J-integral determination. It was found that no statistical difference existed in 

the fracture toughness of samples that conformed to the KIC standards. However, samples 

analyzed by the J-integral method were found to exhibit a statistically significant increase 

in KJ. The author hypothesized that this change is due to the J-integral method size 

requirement that is empirically based and dependent upon strain hardening plastic 

behavior that is observed in most materials, but not in strain softening BMGs. Samples of 

smaller sizes than those accepted by either the KIC of J-integral standards experienced an 
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increase in the determined KQ. This result was of particular intrigue as it is opposite of the 

reported trends for crystalline metals. The author hypothesized that the increase in 

fracture toughness with decrease in sample size is the result of the reported direct 

relationship between sample size and shear band spacing in BMGs which causes a critical 

size for ductility not seen in crystalline metals. 

The macroscopic effects of the slow β relaxation were explored through DMA, 

isothermal aging and compression testing of Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG samples. 

Through DMA testing, the slow β relaxation temperature of Au49Ag5.5Pd2.3Cu26.9Si16.3 

was determined to be ~50 °C (323 K). The elastic properties of Au49Ag5.5Pd2.3Cu26.9Si16.3 

were tested as a function of isothermal aging at 50 °C (323 K) as well as the expected 

operating temperature 37 °C (310 K). This testing displayed a two stage reaction with an 

initial quick drop in elastic modulus followed by a slow rise in elastic modulus. Each of 

these processes was shown to occur slower when testing at the lower temperature (37 °C 

(310 K)). The author hypothesized that this two step effect of the slow β relaxation was 

the result of the atomic makeup of BMGs, reported to be a high density matrix 

surrounding low density pockets. Additionally, the author hypothesized that this process 

is the result of a similar two step process reported for oxide glasses aged at the slow β 

relaxation where initially the low density pockets would quickly collapse and stress the 

surrounding material then the stress would slowly relax into the bulk material. 

Compression tests were performed as a function of isothermal aging in order to determine 

the macroscopic effect of thermal aging. These tests resulted in a statistically 

insignificant reduction in fracture properties for samples heat treated to a low value of 

elastic modulus. 

In conclusion; exploration of the environmental effect upon BMG fatigue, the size 

dependence of fracture properties in BMGs and the effects of the slow β relaxation in 

BMGs all offer important insights into the growing field of BMGs as structural materials. 

It is the hope of the author that the research included in this thesis will be applied to 
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inspire continued research and eventual widespread application of BMGs into 

commercial and industrial settings.
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LIST OF ABBREVIATIONS 

BMG : Bulk Metallic Glass 

BMGs : Bulk Metallic Glasses 

TTT : Time-temperature-transformation (Diagram) 

GFA : Glass forming ability 

DMA : Dynamic mechanical analysis 

STZ : Shear transformation zone 

SLR : Supercooled liquid region 

SPF : Superplastic forming 

S-N : Stress life 

SCC : Stress corrosion cracking 

HE : Hydrogen embrittlement 

C(T) : Compact tension (sample) 

XRD : X-ray diffraction 

SE(B) : Single edge bend (sample) 

ASTM : American Society for Testing and Materials 

DSC : Differential scanning calorimeter 
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LIST OF SYMBOLS 

Tlq : Liquid transition temperature 

Tg : Glass transition temperature 

Tm : Melting temperature 

E : Young’s modulus 

σy : Yield stress 

μ : Shear modulus 

B : Bulk modulus (as used in Chapter 2 : Background) 

Tx : Crystallization temperature 

G : Fracture energy 

K : Stress intensity factor 

ΔK : Stress intensity factor range 

da/dN : Crack growth rate 

σ : Stress 

a : Crack length 

KTH : Stress intensity factor threshold 

Kc : Fracture stress intensity factor 

C, m : Paris Law scaling constants 

σe, σfatigue: Fatigue life 

R : Load ratio 

P : Applied force 

σUTS : Ultimate tensile strength 

W : (sample) Width 
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B : (sample) Thickness (as used in Chapters 3 and 4) 

L : (sample) Length 

Kmax : Maximum applied stress intensity factor 

KIC : Plane-strain linear-elastic mode I fracture toughness 

b : Un-cracked ligament length 

KQ : Conditional stress intensity factor 

PQ : Conditional maximum force 

BN : Side grooved sample thickness 

J : J-integral value 

M : Size requirement factor 

Jel : Elastic J-integral component 

Jpl : Plastic J-integral component 

S : Sample span 

Einitial : As cast Young’s modulus 

Tα : α relaxation temperature 

Tβ : β relaxation temperature 



 

 

 


