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Abstract

The fracture toughness of three new compositional variants of the Zr-Ti-Be-LTM (Late
Transition Metal) family of bulk metallic glasses (BMG’s) are studied in the as-cast and annealed
condition. Quaternary Zr-Ti-Cu-Be alloys consistently had linear elastic fracture toughness values
greater than 80 MPa-m*?, while Vitreloy 1, a Zr-Ti-Cu-Ni-Be alloy, had an average fracture
toughness of 48.5 MPa-m“? with a large amount of scatter. The addition of iron to Vitreloy 1

reduced the fracture toughness to 25 MPa-m*?

. The Zr-Ti-Cu-Be alloy, having fracture toughness
Ko=85 MPa-m¥? as cast, was annealed at various time/temperature combinations. When the
alloy was annealed 50°C below T, the fracture toughness dropped to 6 MPa-m*2, while DSC and
X-ray showed the alloy to still be amorphous. Fracture surfaces were analyzed using scanning
electron microscopy. The tougher samples have shown evidence of highly jagged patterns at the
beginning stage of crack propagation, and the length scale and roughness of this jagged pattern
correlate well with the measured fracture toughness values. These jagged patterns, the main
source of energy dissipation in the sample, are attributed to the formation of shear bands inside
the sample. This observation provides a strong evidence of significant “plastic zone” screening at
the crack tip.

Unlike the unstable fracture behavior of monolithic BMG’s, ductile phase containing in-
situ BMG composite shows stable crack growth behavior. Application of ductile BMG as a
matrix for an in-situ composite with controlled microstructural characteristic length scales
maximizes the toughening effect. In order to characterize this highly toughened BMG composite,
the elastic-plastic fracture mechanics concept is introduced and the J-parameter is evaluated.

A novel thermoplastic bonding concept is demonstrated based on the unique rheological
behavior and pattern-replication ability of bulk metallic glass forming liquids. In this approach,
the bulk metallic glass is heated above T, to the “supercooled liquid” region while a small normal

force is applied to the joint. This results in liquid reflow, wetting and a strong bond. Complete



Vi

wetting between copper substrates and a layer of platinum based bulk metallic glass leads to an

atomistically intimate void-free interface.
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Chapter 1

Introduction, Motivations, and Key Contributions

1.1 Fracture toughness of Bulk Metallic Glasses (BMG’s) (Chapters 2-4)
1.1.1 General issues with fracture toughness measurement

Fracture toughness evaluates the resistance of an existing crack against further growth
under externally applied load. Fracture toughness has been one of the key material properties for
structural applications because all structural parts are likely to have defects such as micro-cracks
during service. Despite its importance, fracture toughness is not very well understood by the
structural materials research community and its measurement is performed much less frequently
than other typical material testing methods such as tension, compression and bending tests
because of the intrinsic complexity of the concept and difficulties of the actual measurement,
some of which are discussed in the following paragraphs.

(1) Unlike other testing methods, fracture toughness tests involve introducing a certain type
of crack into the specimen. Due to the almost infinite number of combinations that initial crack
shape and specimen geometry can create, the typical fracture parameter known as K, the stress
intensity factor, is used to describe the stress distribution around a crack of given geometry in a
body containing the crack. In other words, two different cracks in two different bodies with
different geometries have the same stress distribution in around the cracks if their stress intensity
factors, K’s, are defined to be the same. Solutions of K for hundreds of given crack-specimen
geometries can be found from reference books [1, 2], among which, three geometries are defined

for standard testing methods in structural metallic materials by ASTM E399 and E1820.



(2) Another complexity arises from plastic deformation in front of a crack due to extremely
high stress concentration caused by the crack. The amount of plastic deformation occurring
around the crack tip area influences the fracture toughness measurement significantly. As shown
in Figure 1-1, thinner specimens tend to resist crack propagation more than thicker specimens by
dissipating energy via plastic deformation. The plastic deformation originates from the surface
earlier than inside and then spreads to the inside. This is due to reduced constraints on the surface
(plane stress condition) which increases deviatoric or maximum shear stress terms. As the
specimen thickness increases, the contribution of the surface layer deformation decreases and the
thickness dependence is negligible over a critical thickness. Plane strain fracture toughness (Kic)

is then defined by this thickness independent fracture toughness in order to provide a size-

independent material property.

Test specimen
| 4 Thin

Thick

|
\—?
I
Mixed - mode™

fracture Pl -stram Ffracture

Fracture Stress

Thickness, &

Figure 1-1. Effect of specimen thickness on stress and mode of fracture [3].
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Figure 1-2. Specimen and loading geometries of (a) Compact Tension (CT) and (b) Single

Edge Notched Bending (SENB) tests.

The specimen size requirement for metallic materials defined by ASTM E399 is given by
Equation 1-1. B, a, and (W-a), are defined in Figure 1-2, and represent specimen thickness, initial
crack length and initial ligament length (initially uncracked region), respectively. A material with
more resistance to crack propagation (Ko T) and with less yield stress (cy ) requires thicker and
larger specimens to interpret the measured critical stress intensity factor (Kq) as a plane strain
fracture toughness (K\c). The size requirement applies to both Compact Tension (CT) and Single
Edge Notched Bending (SENB) geometries which are typical standard geometries for fracture
toughness measurement (Figure 1-2). The size requirement implies that the size of the plastic
zone must be less than 2% of the specimen dimensions in order to obtain a size-independent
critical K¢ value [4].

B, a, (W-a) > 2.5 (Kg/o,) Equation 1-1.

(3) Finally, ASTM standards for fracture toughness measurement require a sharp crack as
an initial crack. Since the sharp crack cannot be achieved by conventional machining methods,
the only way to generate a sharp crack in front of a notch as depicted in Figure 1-2 is by cyclic

fatigue loading. A sharp crack generated in front of the notch is called a ‘pre-crack’. Fracture



toughness data acquired without a pre-crack is called ‘notch toughness’ and, generally, is not

accepted as standard fracture toughness (Kic).

1.1.2 History of BMG fracture toughness measurement
Even before the early report of bulk metallic glass forming alloy, Vitreloy 1 [5],
mechanical properties including fracture properties of metallic glasses in the form of melt spun
ribbon with thickness less than 150 microns had been studied [6-9]. However, thin ribbon
specimens have limited validity as standard measurements especially when the ribbon is tough.
After the discovery of Vitreloy 1 [5], rigorous fracture toughness measurements on this
alloy were performed by various research groups [10-14]. Although there was a significant scatter

within the early stage fracture data, 16~55 MPa-m*?

, the evaluated plane strain fracture toughness
number is pretty because it is comparable to that of conventional crystalline metals as shown in
Table 1-1 [15]. However, it is also well known that BMG’s have almost zero ductility in tension.
The unusual combination of zero ductility but high fracture toughness has been attributed to the
formation of a high density of shear bands in front of a crack based on observation of shear band
networks that evolved on the outer surfaces of specimens [16] as shown in Figure 1-3. However,

this observation is based on shear bands formed on surfaces where the plane stress condition

dominates.



Table 1-1. Typical values of K¢ [15].

Material Yield strength Fracture toughness
(MPa) Kic (MPa-m*/?)
4340 steel 1470 46
Maraging steel 1730 90
Ti-6Al-4V 900 57
2024-T3 Al alloy 385 26
7075-T6 Al alloy 500 24

Crack Growth ———»

Figure 1-3. SEM micrograph of cracks developed from shear bands [16].
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fatigue pre-cracked specimens (i.e., p = 0) are enlarged in inset box [10].

Among the early measurements for Vitreloy 1, the report by Lowhaphandu et al. [10]
compared fracture behavior of pre-cracked specimen with those of various notch root radii. As
shown in Figure 1-4, the fracture toughness of this BMG was 18.4 MPa-m"? with a sharp pre-
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crack, but increased to 130 MPa-m™ by using a notch instead of a pre-crack.

Later, additional BMG’s were measured using notch toughness measurements [17-20].
Together with reports on melt spun ribbon toughness [8, 9], this is shown in Figure 1-5,
Lewandowski et al. [21] have proposed a universal correlation between the energy of fracture and
the Poisson’s ratio (or the elastic modulus ratio G/B) for various metallic glasses. They even
showed that the fracture toughness data for annealed BMG’s are fit by the proposed universal
correlation. However, the data collected in their report [8, 9, 17-20, 22] were not consistent in the
testing method used. Furthermore, the annealing experiments used for the fracture toughness
study [19] caused crystallization or partial crystallization of specimens [23] which, in turn,

increases shear modulus and decreases Poisson’s ratio much more than structural relaxation



annealing (causing no crystallization) generally does [24]. Therefore, it appears that a more

rigorous study is required to establish such a universal correlation in the BMG systems.
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Figure 1-5. The correlation of fracture energy G with elastic modulus ratio p/B for all the
as-cast (unannealed) metallic glasses [21]. In this figure,Lewandowski et al. used G for fracture
energy, not shear modulus, with the formula G= K¥E/(1-v?). Instead, p is used to denote the

shear modulus which is generally expressed by ‘G.’



1.1.3 Motivations and key contributions
As stated above, there are still unsolved problems in understanding of the fracture
toughness of BMG’s especially regarding the major determining factors for fracture toughness.

Part of this thesis is devoted to address the following issues:

(1) The effect of composition on fracture toughness. (Chapter 2)
(2) Evidence for the existence of a plastic zone in front of crack. (Chapter 3)

(3) The relationship between fracture toughness and structural relaxation. (Chapter 4)

In chapter 2, three new compositional variants of the Vitreloy 1 are discussed. Not only is
this work the first report on the effect of compositional variation on fracture toughness, but the
work also proves the effectiveness of fracture toughness measurements for evaluating the
mechanical stability of BMG’s. It is found that fracture toughness is the most distinguishing
parameter to characterize BMG alloys (in contrast to other mechanical properties.) In other words,
while properties such as elastic modulus and compressive yield strength show only weak
variation with alloy composition, fracture toughness varies much more significantly.

In chapter 3, through detailed observation of fracture surfaces, the existence of a plastic
zone screening the crack tip is found. This “plastic zone’ exhibiting jagged patterns caused by the
operation of shear bands inside fracture specimen is the main source of energy dissipation during
a fracture test. The length and roughness of this plastic zone features correlate well with the
measured fracture toughness values.

In chapter 4, the embrittlement of a tough BMG is studied by fracture toughness and elastic
property measurements. While maintaining glassy structure, the fracture toughness drops

significantly by relaxing the glassy structure into lower temperature.



Through this research, better understanding of the fracture behavior of BMG’s has been
acquired. It appears that the previously proposed simple universal correlation between fracture

energy and Poisson’s ratio [21] cannot generally explain the fracture behavior of BMG system.
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1.2 Fracture toughness characterization of ductile phase containing in-situ BMG
composite (Chapter 5)

Although BMG’s are known to have high fracture toughness, the fracture behavior of the
monolithic BMG’s is unstable under tension loading. Discovery of ductile phase containing in-
situ BMG composites [25, 26] were the first reported BMG materials with tensile ductility. This
composite microstructure forms by the solidification of a dendritic Zr-Ti rich B-phase with a body
centered cubic structure followed by subsequent vitrification of remaining liquid to form a glassy
matrix (Figure 1-6). Both phases are formed by processes predictable from a pseudo-binary phase
diagram [27]. Both phases (glass and crystal) form during cooling and show atomically sharp,
intimate and apparently strong interfaces. The fracture toughness evaluation of these in-situ
composites has been reported [28]. Although the reported fracture toughness values were not very
high, as shown in Figure 1-7, fracture resistance curves as a function of crack extension (R-
curves) show stable crack growth from a sharp fatigue pre-crack during fracture testing. The
steeply rising R-curve of the composite can be attributed to a marked increase in fracture

resistance with crack extension.
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Figure 1-6. SEM backscattered electron image of in-situ composite microstructure (Inset :
X-ray diffraction pattern) [25].
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Figure 1-7. Fracture resistance curves for three composite specimens are compared with

the fracture toughness of the monolithic alloy (Vitreloy 1) [28].
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Recently, significant improvements in the mechanical properties of ductile phase
containing in-situ BMG composites have been achieved by Hofmann et al. [29, 30]. Compared to
the previous in-situ composites developed by Kim et al. [25, 26], the new BMG composites have
the following features:

(1) Increased Ti content and removal of Ni to reduce density. Removal of Ni is also known
to enhance fracture toughness of the glass and suppress possible nucleation of brittle intermetallic
crystalline phases during processing [31-33].

(2) A homogeneous and coarsened microstructure. Earlier composite has cooling rate
dependent microstructures. Ingots cooled from above the alloy liquidus showed large variation in
the overall dendrite length scale and interdendrite spacings. In order to produce a uniform
microstructure, cooling from the molten state (T > 1100°C) is interrupted at the temperature in
the semi-solid two-phase region (T=~800-900°C) between the alloy liquidus and solidus
temperature. The sample is held isothermally for several minutes in this region. The isothermal
hold in the two-phase region allows the nucleation, growth, and coarsening of the ductile dendrite
phase to approach thermodynamic equilibrium prior to final quenching. After the isothermal hold,
the semi-solid mixture is cooled to vitrify the remaining liquid phase, and obtain a coarse and
uniform dendrite distribution.

(3) The length scale of the dendritic phase is on the order of the length scale of deformation
in the glass matrix. With softer dendrite phases deforming first and, subsequently initiating shear
bands into the BMG matrix, interdendrite distance is limited to below a characteristic length scale
[34, 35]. Matching of microstructural length scales to this characteristic length scale limits shear
band extension, suppresses shear band opening, and avoids crack development. The composite
microstructure, with softer dendrites, creates short (stable) and dense shear bands rather than long

(unstable) and sparse shear bands. This mechanism is illustrated in Figure 1-8.



13

Figure 1-8. SEM micrograph showing interaction of shear bands with ductile phases [29].

As shown above, these in-situ composites show stable crack growth behavior unlike the
monolithic BMG’s. To compare these new composites with other tough conventional crystalline
materials, it is necessary to evaluate the fracture properties using standard elastic-plastic fracture
mechanics parameters. Chapter 5 describes the fracture behavior of the newly developed in-situ
composites and the evaluation procedure for the elastic-plastic fracture mechanics parameter, J.
This work is the first reported “J-integral” evaluation applied to the BMG systems and provides a

basis for placing the new in-situ BMG composites among the toughest known materials.
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1.3 Novel Joining method using BMG solder (Chaper 6)

One of the characteristics of BMG is the existence of a supercooled liquid region between
glass transition (T,) and crystallization (Ty) temperatures on heating. Figure 1-9 shows a typical
Differential Scanning Calorimetry (DSC) curve on heating of a BMG. In between Ty and Ty, the
supercooled liquid region exists. The state of the BMG in this region is a viscous liquid and the

atomic configuration of the BMG easily rearranges to accommodate plastic flow.
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Figure 1-9. A typical Differential Scanning Calorimetry (DSC) curve of a BMG on heating.
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Figure 1-10. A typical equilibrium viscosity curve of a BMG (Vitreloy 1) at molten and

supercooled liquid regions [36].

As shown in Figure 1-10, the viscosity of a BMG is described by a single curve as a
function of temperature in two different regions, the high temperature melt and the supercooled
liquid. Although the viscosity of the supercooled liquid is higher than that of the molten BMG,
supercooled liquids have sufficient fluidity to exhibit flow under small applied pressures. The
viscosity of the supercooled liquid of a BMG can be as low as 6x10 Pa-s, similar to that of
viscous polymer melts [32]. The fluidity of a supercooled BMG forming liquid also makes
micron-sized pattern replication possible [37]. Thus it is reasonable to expect that the supercooled

BMG forming liquid can wet and bond to another metal surface during this configurational
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rearrangement process. As shown in Figure 1-9, the bonding product processed in the
supercooled liquid region is expected to have different characteristics from that of the
conventional soldering product in which the crystalline solder melts completely to form a joint,
because the present process temperature is much lower than the equilibrium melting temperature
of the solder. This low temperature soldering concept may appeal to the microelectronics industry
in particular, because the solders in microelectronics generally suffer the high homologous
temperature in service. This aspect is discussed more in Chapter 6.

In chapter 6, a novel thermoplastic bonding concept is demonstrated based on the unique
rheological behavior and pattern-replication ability of bulk metallic glass forming liquids. This
work is the first report of joining metals using a BMG in the supercooled liquid state. To the
author’s knowledge, no work on this concept has been reported. Although this work was initially
motivated by the urge to replace the current soldering technology in microelectronics industry,
the present result is probably applicable to range of materials to be bonded together with different

classes of BMG.

1.4 Related publications
Chapter 2

C.P. Kim, J.-Y. Suh, A. Wiest, M.L. Lind, R.D. Conner and W.L. Johnson, Fracture
toughness study of new Zr-based Be-bearing bulk metallic glasses, Scripta Materialia 60 (2008)
80-83.

This paper reported the development of new alloys, their thermal properties and
mechanical properties. The author contributed to this paper by performing mechanical property

evaluation.
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Chapter 3

J.-Y. Suh, C.P. Kim, R.D. Conner, M.D. Demetriou and W.L. Johnson, Correlation
between fracture surface morphology and toughness in Zr-based bulk metallic glasses,
submitted to Acta Materialia.
Chapter 5

D.C. Hofmann, J.-Y. Suh, A. Wiest, G. Duan, M.L. Lind, M.D. Demetriou and W.L.
Johnson, Designing metallic glass matrix composites with high toughness and tensile ductility,
Nature 451 (2008) 1085-1089.

The author evaluated fracture property of the novel composite alloys.
Chapter 6

J.-Y. Suh, B. Lohwongwatana, C.M. Garland, R.D. Conner, W.L. Johnson and D. Suh,

Novel thermoplastic bonding using a bulk metallic glass solder, Scripta Materialia 59 (2008)

905-908.
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Chapter 2
Effect of composition on fracture toughness of new Zr-based Be-bearing

bulk metallic glasses

Three new compositional variants of the Zr-Ti-Be—LTM (late transition metal) family of
metallic glasses are discussed. Thermal stability, AT=T,-T,, was increased from 82°C for
Zr41,Ti138Cu 25Nij0Bey s (Viterloy 1) to 141°C for Zry,Ti;CuyBeys. It is found that fracture
toughness is the most distinguishing parameter characterizing the alloys in contrast to other
mechanical properties. Quaternary alloys consistently had fracture toughness values exceeding
80MPa'm'?, while for Vitreloy 1 KQ=48.5MPa-m”2 with a large amount of scatter. Adding iron

reduced the fracture toughness to 25MPa'm'>.
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2.1 Introduction

Vitreloy 1 (Zrg;2Ti138Cu125Ni0Besss) [1], the first commercial Bulk Metallic Glass (BMG),
has been the subject of extensive research in scientific and engineering fields. Vitreloy 1 may be
cast into rods 25 mm in diameter [2], which exceeds that of most bulk glass forming alloys. It has
high thermal stability; AT, the difference between a glass transition temperature (T,) and a
crystallization temperature (Ty), is as large as 82°C [3], high yield strength, and high fracture
toughness [4-8].

In recent studies on Zr-based Be-bearing BMGs, a number of new alloys with superior
thermal stability and comparable glass forming ability have been reported [9-11]. Furthermore, a
correlation between a compositional ratio of (Zr,Ti) to other elements and the elastic properties
was established in these Vitreloy-like Zr-based Be-bearing alloys [9]. The elastic properties of
BMGs are important because mechanical yielding of BMG is strongly correlated with shear
modulus (G) [12] and, in some systems, fracture toughness correlates well with Poisson’s ratio
(v) [13].

Historically, compression tests have been a prevailing evaluation method for BMGs.
However, frictional forces due to closing stresses stabilize shear bands, giving rise to multiple
shear bands and global plasticity, which obscures the real stability with respect to failure along an
individual shear band during deformation [14]. By comparison, fracture toughness is a measure of
the resistance of an existing crack to propagation under an opening or shear stress. Mode-1
fracture toughness evaluates crack resistance under opening loads by where shear bands and
opening cracks are less stable than in compression. Although all monolithic BMGs under tensile
loading show virtually zero ductility, BMGs have often exhibited relatively high fracture
toughness [13,15]. Fracture testing is a desirable method to distinguish and evaluate various

BMGs, however limited fracture toughness data on BMGs is available, primarily because most
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BMGs lack the robust glass forming ability needed to make the large samples required for
fracture toughness testing. Among Zr-based Be-bearing alloys, only one alloy system other than
Vitreloy 1 has been studied [16]. No studies have yet been reported regarding the effect of
compositional variation on fracture toughness.

In this study, we assess the effect of composition variations on the fracture toughness on
Zr-based Be-bearing alloys. Three new alloys have been developed with high glass forming
ability as evidenced by a more than 15 mm critical casting thickness. Two alloys,
Zr335T1p4Cuy5Beyr s (Varl) and ZryyTi;;CuyoBeys (Var2), are 4-component (quaternary) alloys
without Ni and Zr4Ti;;Cug3NijgBessFeg s (Var3) is 6-component alloy with Fe as an additional
microalloying element. Var 2 and Var 3 are most closely related to ZrysTi;1Nijg2CuggBess (known
as Vitreloy 1b) [3]. Vitreloy 1b has lower glass forming ability than Vitreloy 1 but a larger AT.
The (Zr,Ti) concentration in these alloys is maintained at ~55 atomic %, which minimizes the
variation in elastic properties [9]. Elastic, thermal and mechanical properties of these alloys were
evaluated and compared with those of Zry; ,Ti133Cu125Ni19Besy s (Vitreloy 1) to reveal the effect

of compositional variation.

2.2 Experimental

Mixtures of elements were alloyed by arc melting under a Ti-gettered argon atmosphere to
make BMG ingots. Compression and fracture toughness specimens were prepared by vacuum
injection casting BMG ingots into Cu-molds (Figure 2-1). The nominal dimension of the fracture
samples was 2.5 mm X 8§ mm x 36 mm. The mold incorporated a 2 mm protrusion to form the
notch. Approximately 0.15 mm on the faces of each sample was removed from the surface by

lapping and polishing, reducing the thickness of each specimen to 1.9~2.2 mm. This procedure
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reduces the effects of residual stress resulting from the casting process. A 5-Hz cyclic load was
applied to grow a fatigue precrack using an MTS servohydraulic load frame equipped with a 3-pt
bend fixture having a 31.75 mm span. Applying a load of approximately AK=10 MPa-m'”*and
Kinin/Kimax=0.2, a 1.2~2.5 mm long pre-crack was obtained after 40,000-150,000 cycles. Starting
with an initial crack length of ~3.2-4.5 mm (the sum of the notch length and pre-crack), a quasi-
static compressive displacement of 0.3 mm/min (K~40 MPa-m"?*/min) was applied and the load
response of the pre-cracked sample was measured. Fracture toughness, Ko, was calculated using
the formula given by ASTM E399.A3. Here we use Kq to denote fracture toughness rather than
Kjc because the sample thicknesses did not guarantee plane strain condition in all cases. The
pulse-echo overlap technique with 25MHz piezoelectric transducers was used to measure the
shear and longitudinal wave speeds at room temperature enabling calculation of the elastic
constants. Sample density was measured by the Archimedean technique according to the ASTM
C693-93. Compression tests were performed at room temperature on the Instron 5500R load
frame using cylindrical samples of 4 mm diameter, heights from 7 mm to 9 mm, and an aspect
ratio close to 1:2. The tests were done with a constant crosshead speed of 0.1 mm min™'. Thermal
properties of all alloys were evaluated using differential scanning calorimetry (DSC) at a heating
rate of 20K/min. X-ray analysis was performed on a X’Pert Pro x-ray diffractometer to confirm

the amorphous nature of samples.
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Figure 2-1. Fracture specimen after casting (left) and grinding and polishing (right).

2.3 Results and Discussions

Thermal and elastic properties of the 3 new alloys and Vitreloy 1 are presented in Table 2-
1. Glass transition temperatures (T,) for quaternary Zr-Ti-Cu-Be alloys (Varl and Var2) are
lower than that of Vitreloy1 while the addition of iron to Vitreloy 1 had minimal effect on T,. On
the other hand, these compositions show increased crystallization temperature (Tx), and increased
AT up to 141°C. Var2 and 3 were derived from a Zrs4Ti;1Nijo2CugsBe,s (Vitreloy 1b) alloy which
has AT of 132°C [3]. AT is increased by replacing Ni with Cu (Var2), but decreased with the

addition of 0.5% Fe in place of Cu (Var3).

Table 2-1. Thermal, elastic and mechanical properties of Zr-based BMG’s.

T, T, ap P G B E N oy
¢C) (0 (¢cc)  (GPa)  (GPa)  (GPa) (GPa)
Zry3 sTizyCuysBey s (Var 1) 333 447 114 558 368 113 996 0353 175
ZryTiyCuzBess (Var 2) 340 481 141 603 353 1112 958 0356 18
ZryyTiyCus 3NijoBeasFeo s (Var 3) 348 472 124 605 357 1122 968 0356  1.86

ZI'41_2Ti13,gNi10Cll12_5B622>5 (Vltreloy 1) 350 432 82 6.09 35.7 115.3 97.1 0.360 1.86
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All four alloys have nearly identical elastic properties. This agrees well with the report of
Duan et al. [9] in which the dependence of elastic properties on the ratio of (Zr,Ti) to other
elements were observed. Yield stresses measured by compression test of Varl and 2 alloys are
slightly lower than the known value of Vitreloy 1 [12] while Var3 alloy has almost identical yield
stress to Vitreloy 1. This is not surprising considering the compositional similarity.

Figure 2-2 shows the fracture toughness data of Vitreloy 1 and Varl, 2 and 3. Detailed
information of the fracture toughness measurement is listed in Table 2-2. For each composition,
we obtained 3 data points except Var2, which had 2. Quaternary Zr-Ti-Cu-Be alloys (Varl and
Var2) consistently had linear elastic fracture toughness values greater than 80 MPa-m'?, while
Vitreloy 1, a Zr-Ti-Cu-Ni-Be alloy, had an average fracture toughness of 48.5 MPa-m'? with a
large amount of scatter. The addition of iron to Vitreloy 1 reduced the fracture toughness to 25

MPa-m"?. The error bars reflect the standard deviation of the data.
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Figure 2-2. Effect of composition on fracture toughness.
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Table 2-2. Experimental conditions and data of BMGs used in this study.
ao: initial crack length (a, = length of notch + length of fatigue precrack), Kq: Fracture

toughness calculated using critical fracture load, G: shear modulus, v: Poisson’s ratio.

Initial
Composition thi(cnlflrrl]e)ss cr:;:k ™ Pz?ml’z) (Glcia) v
(mm)
Zr335TiaCuisBesr s (Varl) 2.16 3.1 96.8 36.7 0.36
2.19 4.4 80.8 36.7 0.35
2.26 3.5 69.2 36.9 0.35
Zr44TisCuyoBess (Var2) 2.13 35 85.5 35.5 0.36
222 4.3 83.9 35.1 0.36
Zr44Ti11Ni102CuUg sBe2sFeq s (Var3) 2.15 3.7 27.5
2.16 3.7 26.4 35.7 0.36
2.16 3.4 21.7
Zr412Tiz38Ni1oCuy2sBess 5 (Vitreloyl) 2.18 3.8 74.4 35.8 0.36
1.86 3.2 49.6
222 4.1 27.3 35.6 0.36

The specimen size requirement for plane strain fracture toughness (Kjc) limits the valid
measurable fracture toughness value for a given specimen dimension, as described in ASTM
E399: B, a, (W-a) > 2.5 -(K¢/c,)

where B = sample thickness, a = initial crack length, and (W-a) = untorn ligament length.

For example, a specimen with thickness of B = 2.1mm and yield stress of 1.8 GPa is

limited to a maximum valid fracture toughness value of 52 MPa-m"?

. Thus the K, values higher
than 80 MPa-m"? of the Varl and Var2 alloys cannot be regarded as plane strain fracture

toughness (Kjc). On the other hand, all data points for the Var3 satisfy the plane strain condition.

The Vitreloy 1 data lie on the boundary. To obtain valid plane strain fracture toughness, Varl and
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Var2 should be measured with specimens having thickness of ~6mm. Rather than measuring
plane strain fracture toughness, we have compared the fracture behavior of specimens in the same
geometry.

Reported fracture toughness for Vitreloy 1 varies from 16~55 MPa-m"? [4-8]. The
significant scatter in data has been attributed to variations in processing conditions, such as the
cooling rate during casting [17]. The high degree of scatter in the fracture toughness
measurements of Vitreloy 1 was also pointed out earlier by Gilbert et al. [5], who reported values

ranging from 30 to 68 MPa-m'”?

. This is comparable to the scatter of the Vitreloy 1 data in this
study, 27-74 MPa-m"?. Possible sources of scatter in the data include (1) cooling rate differences
during casting, (2) variations in residual stress, and (3) composition fluctuations in a given alloy.
Each fracture specimen was produced via vacuum injection casting into copper mold from
separately prepared ingots. Injection temperature during the casting process was not strictly
controlled so the cooling rate could vary between specimens. In turn, this will leads to differences
in the configurational state of the sample and associated free volume distribution [17]. Residual
stress develops during the casting process due to the high temperature gradients which arise
during sample cooling and solidification. Residual stress is known to affect fracture toughness
significantly [16]. According to Aydiner et al. [18], an 8.25mm thick Vitreloy 1 plate cast in a
copper mold exhibited -25 to -30MPa surface compression and +10 to +13 interior tension. Their
model suggested significant residual stress decreases with decreasing casting thickness. The
casting thickness used in this study is 2.5mm. Aydiner et al. also showed that the compressive
surface stresses were confined to a relatively thin surface layer. To reduce residual stress effects
in the present work, ~10% of the surface layer was removed by grinding. This should

significantly reduce residual stress effects in the tested samples. It is noteworthy that Varl, Var2

and Var3 samples studied here show relatively small scatter in fracture toughness values. On the



28

other hand, the large scatter in the Vitreloy 1 data suggests a greater sensitivity of Vitreloy 1 to
process conditions. Removing Ni from Vitreloy 1 significantly reduced experimental scatter and
increased fracture toughness. Adding Fe to Vitreloy 1 decreased the experimental scatter, but also
decreased the fracture toughness. Zr3; 5sTi,4CuisBes; s (Varl) and ZryyTiy1CuyoBeys (Var2), which
contain no Ni, exhibit consistently high fracture toughness while ZryTi;,Cuo3Nijg,BeysFeqs
(Var3) has consistently low fracture toughness. The reduction in the scatter of fracture toughness

resulting from the small composition changes suggests that Vitreloy 1, in the compositional sense,

172 172
)

is on a “boundary” separating high toughness (~80MPa-m *) and low toughness (~25MPa-m
materials. In turn, this suggests that the fracture toughness of these BMG’s tends to exhibit a
relatively sharp “transition” in fracture toughness with varying composition and to a lesser extent
with process history for a single composition. In this picture, addition of Ni (or Fe) tends to
stabilize the “brittle” phase. Recent reports on very high toughness BMG-composites [14] with a
Ni-free Zr-BMG matrix [10] are consistent with this view. A report by Conner et al. [19] of a
reduction in bending ductility with Ni addition to Vitreloy alloys also appears to be related.
Finally, we note that the addition of Ni (and other composition variations) may modify the free
volume distribution in the glass. This is known to be a determining factor in BMG mechanics as
shown by Launey et al. [20].

Figure 2-3 shows fracture energy, calculated from fracture toughness and elastic constants,
as a function of Poisson’s ratio including the data of Fe-based bulk metallic glass [21, 22] and
various non-metallic glasses [23]. As pointed out by Lewandowski et al. [13], the data suggest a
universal correlation between the energy of fracture and the Poisson’s ratio (or the elastic

modulus ratio G/B) for various glasses. Although a correlation is suggested over a broad range of

glasses, within the data set of Zr-based BMGs, the tendency is not clear. The effect of
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composition changes or addition of specific constituent elements (e.g., Ni and Fe in this study)

may be a more dominant factor.
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Figure 2-3. Effect of Poisson’s ratio (v) on fracture energy (Fracture Energy = K*/E/(1-v?)).
M: Zr-based bulk metallic glasses measured in this study
A : Fe-based bulk metallic glass (fracture data from Ref.21 and elastic property data from

Ref.22)

@: Various glasses including phosphate glasses and soda lime silicate [23]

2.4 Conclusions

In summary, we have developed Vitreloy type alloys with robust glass forming ability and
thermal stability and measured basic properties including thermal, elastic and mechanical
properties. While all the alloys have comparable elastic properties and compressive yield strength,

the fracture toughness exhibits much greater variation. Ni-free quaternary alloys consistently have
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linear elastic fracture toughness values (Kq) of ~80 MPa-m'”, while Vitreloy 1 had an average
fracture toughness of 48.5 MPa-m'” with a large amount of scatter. The addition of iron to
Vitreloy 1 consistently reduces K to 25 MPa-m"? with little scatter. This suggests that specific
elemental constituents can have a significant effect on toughness and thus on the stability of shear

bands during deformation under opening stress.
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