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Abstract

Over the past decades, bulk metallic glasses (BMGs) have attracted extensive interests
because of their unique properties such as good corrosion resistance, large elastic limit, as
well as high strength and hardness. However, with the advent of micro-electro-mechanical
systems (MEMS) and other microscaled devices, the fundamental properties of
micrometer-sized BMGs have become increasingly more important. Thus, in this study, a
methodology for performing uniaxial compression tests on BMGs having micron-sized

dimensions is presented.

Micropillar with diameters of 3.8, 1 and 0.7 pum are fabricated successfully from the
MggsCupsGdyg and Zres sNije2CuisAls BMGs using focus ion beam, and then tested in
microcompression at room temperature and strain rates from 1 x 10%to 1 x 107 s,
Microcompression tests on the Mg- and Zr-based BMG pillar samples have shown an
obvious sample size effect, with the yield strength increasing with decreasing sample
diameter. The strength increase can be rationalized by the Weibull statistics for brittle
materials, and the Weibull moduli of the Mg- and Zr-based BMGs are estimated to be about
35 and 60, respectively. The higher Weibull modulus of the Zr-based BMG is consistent with

the more ductile nature of this system.

In additions, high temperature microcompression tests are performed to investigate the
deformation behavior of micron-sized AusAgssPd;3Cu9Sije3 BMG pillar samples from
room to their glass transition temperature (~400 K). For the 1 um Au-based BMG pillars, a
transition from inhomogeneous flow to homogeneous flow is clearly observed at or near the

glass transition temperature. Specifically, the flow transition temperature is about 393 K at

XVi



the strain rate of 1 x 102 s,

For the 3.8 um Au-based BMG pillars, in order to investigate the homogeneous
deformation behavior, microcompression tests are performed at 395.9-401.2 K. The strength
is observed to decrease with increasing temperature and decreasing strain rate. Plastic flow
behavior can be described by a shear transition zone model. The activation energy and the

size of the basic flow unit are deduced and compared favorably with the theory.
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Chapter 1 Introduction

1-1  Amorphous alloys

Amorphous alloys are also called liquid metals, non-crystalline metals, glassy metals or
metallic glasses. It is well known that amorphous alloys differ from conventional metals in
that they lack the periodicity of crystal structures. The atoms in the amorphous alloys are
randomly arranged, also known as structure packing with short-range order, like the case of a
liquid, rather than setting on a repeatable unit cell in the crystalline materials. Two schematic
illustrations of atomic structures of amorphous alloys and crystalline materials are shown in
Figure 1.1 [1]. The absence of crystalline structure means that amorphous alloys also lack
crystal defects, such as dislocations and grain boundaries. With no crystal defects, amorphous

alloys exhibit extraordinary properties over their crystalline counterparts.

Early amorphous alloys were typically fabricated by rapid cooling from the liquid state
with critical cooling rates of 10°-10° K/s, which severely limits the sample thickness. The
resulting ribbon or wire samples are used extensively as magnetic sensors and transformer
cores [2, 3], but the small dimensions limit the potential of amorphous alloys as structural
materials. Until the advent of bulk metallic glasses (BMGs), there has been a revival of early

interest for use of these fascinating materials in structural applications.

During the last two decades, BMGs have been discovered in a wide range of metallic
alloys, including Pd-, Zr-, Au-, Pt-, Mg-based, and so on. Among the unique properties of
bulk metallic glasses, they include very high strength, large elastic strain limit, high hardness,

perfect elastic behavior, high corrosion resistance, along with unusual combinations of other



engineering properties. Table 1.1 [4] depicts some fundamental properties and application

fields of bulk metallic glasses.

1-2 The evolution of Mg-, Zr- and Au-based amorphous alloys

Among a large number of amorphous alloys systems, Mg-based amorphous alloys are of
special interest due to their high strength to weight ratio, relatively low cost as well as the
wide application as structural materials [5]. In addition, the Mg-based amorphous alloys, such
as the Mg-TM-Ln (Ln = Lanthanide metal, M = Ni, Cu or Zn) systems, were found to have a
wide supercooled liquid region and a higher glass forming ability by Inoue’s group in 1980s
[6, 7]. From that time, great efforts have been devoted to developing the Mg-based bulk

metallic glasses.

In 1991, Inoue’s group [8] successfully synthesized the bulk MgesCussY 9o amorphous
alloy with a diameter up to 4 mm by copper mold casting. It is the first time that such
Mg-based amorphous alloys were prepared in the bulk form. Subsequently, Inoue’s group [9]
found that the MggsCuysY 10 BMG with increasing diameter up to 7 mm can be prepared by
using high-pressure die casting method. Furthermore, Xi et al. [10] further proposed that
MggsCu,sGdjg alloy owns the best glass forming ability among the MgesCuysRE ;o (RE = La,
Ce, Pr, Nd, Sm, Gd, Dy, Tb, Ho, Er and Yb) ternary BMG systems. That is to say, the
MggsCu,sGdjg alloy presents higher glass forming ability than the MgesCuysY o alloy. Men et
al. [11] also reported that the MgssCu,sGd, alloy has been increased to a maximum diameter
of 8 mm by simply using Gd to substitute for Y in the MgesCuysY o BMG. Nevertheless, the
Mg-based BMGs with high glass forming ability have a drawback of lacking ductility; they

can be regarded as a representative of brittle BMGs.



From the Zr-based BMGs considerations, in the early 1990s, Inoue et al. [12], Zhang et
al. [13] and Peker et al. [14] developed a series of Zr-based BMGs that have a very low
critical cooling rate and a large supercooled liquid region. For example, the ZrgsAl;sNiys and
ZresAl; sNijgCuy7s amorphous alloys exhibit large supercooled liquid region which are 77
and 127 K, respectively. In addition, Inoue’s group [15] produced the ZrssAlssNijgCuj7s
BMGs with a critical casting thickness of 16 mm by using water quenching a melt in a quartz
tube. In 1992, Peker and Johnson [14] discovered a quaternary alloy based on
Zr-Ti-Cu-Ni-Be, known as Zrs;2Tij33Cui2sNijoBeas (Vit 1), and this amorphous alloy
system is the first commercial BMG. They also proposed that Zrs; ;Tij33Cu;25NijgBes s in
the form of rods ranging up to 14 mm in diameter can be fabricated by casting in silica

containers.

Among various kinds of BMG systems, the Zr-based BMGs exhibit very high glass
forming ability, excellent mechanical properties, high corrosion, and wear resistance. For
example, Zry;,Ti;38Cu125NijoBess has the critical cooling rate (R;) of 1 K/s for the
formation of amorphous alloy and has unique mechanical properties, including large elastic
strain-to-failure limit (g = 2%) and high tensile yield strength (o, = 1.9 GPa). However, the
Zr-based BMGs, as similar with other metallic glasses, fail through the formation of highly
localized shear band at room temperature, resulting in little overall plasticity and low

ductility.

In terms of the Au-based BMGs, the binary Au7sSi;s amorphous alloy was first
fabricated by Klement et al. [16] in the early 1960s. It is the first time that the Au-based
amorphous alloys were prepared by a classic rapid-quenching technique. However, the
critical cooling rate for the formation of this Au;5Si,s alloy is of the order of 10°-10° K/s and

the resulting amorphous alloys geometry is limited to thin ribbons or sheets with a casting
3



thickness less than 50 um. In 1968, to improve the glass forming ability of this alloy, Chen et
al. [17] report that this Au;sSiys alloy can be moderately modified by using Ge to partially
substitute for Si. But the limited sample size on Au-based amorphous alloy inhibited the

scientific investigation or their applicability over the past several decades.

Up until 2005, based on the Au-Cu-Si alloy system, Schroers et al. [18] successfully
prepared a set of Au-based amorphous alloys by copper mold quenching technique and these
amorphous alloys show low liquidus temperature, large supercooled liquid region and good
processibility. Among them, the Aus9AgssPd,3Cuye9Siies amorphous alloy shows the best
glass forming ability; furthermore, the maximum casting thickness exceeds 5 mm and the
Vickers hardness of this alloy is about 350 H,, twice of conventional 18-karat crystalline gold
alloys. These excellent properties make the Au-based amorphous alloys attractive for many
applications including electronic, medical, dental, surface coating and jewelry. However, their
superior structural properties are also accompanied by brittleness caused by highly localized
shear band, which greatly limits the applications of BMGs. Consequently, attempts to

improve ductility have received more and more attention in recent years.

To overcome this limited plasticity, many researchers made attempts to develop an
extrinsic composite microstructure within the glassy matrix [19-24], or an intrinsic structure,
such as dual-phase BMGs or in situ precipitated nano-crystals [25-28]. The basic idea is
effectively to block or hinder the propagation of shears bands during deformation. For
example, based on the concept of developing a composite, Hays et al. [19] enhanced
plasticity of Vit | BMG by containing in situ ductile phase dendrite dispersions. They found
that upon cooling from high temperature melt, the Vit 1 alloy undergoes partial crystallization
by nucleation and subsequent dendritic growth of B phase in the remaining liquid. The in situ

ductile phase/BMG matrix composite exhibits up to 5% plastic strain (tensile and
4



compressive). For similar study, Johnson’s group [21] has investigated a composite of
Zrs7NbsAloCuys 4Nijo 6 reinforced with a ductile metal particles such as Ta, Nb and Mo. The
results show that the compressive strain-to-failure of the composite increased from 2% to
24%. Recently, Jang et al. [24] also reported that the typical brittle-natured Mg-based BMGs
can be reinforced by the porous ductile Mo particles with a spherical shape and a size of
20-70 um. This composite alloy exhibits superior mechanical performance with up to 10%

compressive strain and 1100 MPa stress at room temperature.

In contrast, based on increasing Poisson’s ratio and developing phase-separated
microstructure, Liu et al. [28] enhanced plasticity of BMGs without additional ductile metal
particles or annealing steps by choosing the appreciate alloy composition. They reported that
extraordinarily plastic Zr-based BMGs could be obtained by the appropriate choice of their
composition with the use of the Poisson’s ratio strategy. The resulting Zr-based BMGs show
that the “super plastic” BMGs are composed of hard regions surrounded by soft regions,
which enables the glasses to undergo a true strain of more than 160%. Consequently, this

enhanced plasticity of BMGs can be regarded as a representative of ductile BMGs.

1-3 The sample size effect on amorphous alloys

In the early days, the external sample dimensions were larger than the internal
microstructural features, and the important of external size effects on mechanical properties
could safely be ignored. With the advent of micro-electro-mechanical system (MEMS) and
other microscale devices, it has resulted in components with sizes approaching
microstructural dimension, and the external sample size effects have become increasingly

more important.



The development of microscale experiments is critical to measure microscale
mechanical properties and the mechanical size effects associated with these small-scale
samples. According to the literature, the strength of the face-centered cubic (FCC) single
crystals is known to be strongly dependent on sample dimension. For example, the strength of
Ni or Au microsized single crystal specimens are several times higher than that of the bulk
samples, and the strength can be further increased by more than one order of magnitude in
submicron pillar samples [29, 30]. This dramatic size effect was proposed to be a result of the
reduced sample size which is smaller than the characteristic length for dislocation

multiplication, resulting in dislocation starvation.

In contrast, the BMGs do not deform by dislocation-mitigated processes; instead, the
plastic deformation in BMGs at room temperature is highly localized within shear bands or
shear transformation zones (STZs) [31-33]. According to a previous study by Zheng et al.
[34], the sample size effects are expected for strength and plasticity behavior of bulk metallic
glasses on several different levels and for different reasons. First, in view of strength, for
brittle BMGs in particular, the variability of their strength is expected based on their flaw
sensitivity. Thus, the probability of finding flaw is low in a small size scale sample, such that

one can measure the reliable intrinsic yield strength.

Second, in view of plasticity, bending tests of metallic glass wires and thin plates usually
indicate a considerable bending ductility [35]. It is well known that the high strength of
monolithic bulk metallic glasses usually were accompanied by a virtually zero plastic strain
in conventional compression test since the plastic deformation in metallic glasses is in the
form of highly localized shear bands. The deformation mechanisms of metallic glasses will
be discussed in details in the next background and literature review section. Once the onset of

cracking is suppressed in the micro-sized deforming sample, the shear offset achievable in
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even one single shear band may result in large plastic strains before failure. Thus, the low
ductility, the major drawback of BMGs, becomes unimportant at small scales. It would be of
interest to find out the magnitude of the shear band offset that can be obtained in microscaled
samples, and observe the accommodation of large plastic strains when the bulk metallic glass

sample is only micrometers in size.

1-4 Motives of this research

Bulk metallic glasses are considered as the potential materials for imprinting, molding
and micro-electro-mechanical system because of their high strength, hardness, large elastic
strain, high corrosion resistance and processing flexibility in the supercooled liquid region
[36]. However, what are the characteristics of the fundamental mechanical properties, such as
yield strength and plastic strain achievable of small-sized BMGs? Precise characterization of
the mechanical properties at the small size is required for proper design and structure
miniaturization. Up to now, there have been only limited quantitative measurements. Thus,
intense efforts have been made to study the properties of micrometer-sized BMGs. In this
study, three kinds of BMGs are fabricated to investigate different deformation mechanisms,

listed below:

(1) MgesCuasGd, o (the Mg-based BMG),
(2) Zr63,gNi16,2Cu15Al5 (the Zr-based BMG),

(3) AugoAgssPdy3Cun69Sii63 (the Au-based BMG).

First of all, it is of interest to examine the microscale compressive properties in the typical
brittle Mg-based BMG and a much more ductile phase-separated Zr-based BMG. The sample
size effect, strain rate effect and deformation mechanisms of the Mg- and Zr-based metallic

glasses are discussed and compared to that of bulk samples later.
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In addition, another purpose of this study is to gain the intrinsic yield strength by using
microcompression testing. It is well known that BMGs are often accompanied by a virtually
zero plastic strain in tension and limited plasticity in compression. There is no obvious
macroscopic yielding, and the failure often occurs in the elastic region. If the failure occurs in
the elastic region, the fracture strength would be smaller than the true yield strength. The
limited plasticity makes it impossible to determine the intrinsic yielding strength of BMGs.
Therefore, the quantitative compression test on the microscale sample would be needed to
investigate the intrinsic mechanical properties of BMGs. The strength and plasticity of BMGs
at small sample sizes are also examined in comparison with their behavior in conventional

compression tests.

Hence, in order to clarify the deformation mechanisms of the Mg- and Zr-based metallic
glasses, the microcompression test and scanning electron microscopy are conducted on
small-sized samples with sample sizes from 700 nm, 1 um to 3.8 um. The possible

deformation mechanisms and shear banding behavior are discussed.

Besides the fundamental mechanical properties of micrometer-sized BMGs, it is of
interest to examine the relationship between sample sizes, temperature and strain rate for the
micrometer-sized BMGs. It is crucial to understand the detailed deformation mechanism of
BMGs at different temperatures so that their advantages can be fully utilized and their
limitations understood. Especially, the deformation mechanism of BMGs in or near the glass
transition temperature remains an important subject of investigations for practical
applications, such as in micro-forming of MEMS application or in the field of near-net shape

fabrication of structural components.



Therefore, the objective of this study is to systematically explore deformation
mechanism over a wide range of test temperatures. Here we used the micrometer-sized
Au-based BMG as an example, testing them under uniaxial compression at temperatures from
room to its glass transition temperature. The material behavior is subsequently analyzed in
more detail using the deformation model of BMG. The Au-based BMG is chosen as model
material because of its low glass transition temperature and excellent resistance to oxidation

at high temperatures.



Chapter 2 Background and Literature Review

2-1 The history of amorphous alloys

Since the amorphous alloys were first fabricated in the Au-Si system by a rapid
solidification technique in the early 1960s [16], a great number of scientists and engineers
have paid much attentions to fabricate the new amorphous alloy systems. However, the rapid
solidification technique requires high cooling rates above 10°-10° K/s for glass formation and
the resulting amorphous alloys geometry is limited to thin ribbons, foils or sheets with a
thickness less than about 50 pum. In 1969, Chen and Turnbull [37] successfully prepared an
amorphous alloy of the Pd-Si-X (X= Ag, Cu or Au) ternary system. Subsequently, Chen [38]
synthesized the ternary Pd-Cu-Si alloy in 1974 by using the simple suction-casting methods
at a significantly lower cooling rate of 10° K/s, and the maximum diameter of Pd-Cu-Si
metallic glass was 1 mm. If one arbitrary defines the millimeter scale as bulk, the first bulk

metallic glass (BMG) was the ternary Pd-Cu-Si amorphous alloy prepared in 1974.

In 1982, Drehman et al. [39] successfully prepared the well-known Pd4oNisP20
amorphous alloy with 5 mm diameter by using RF induction melting and subjecting the
specimens to surface etching followed by a succession of heating and cooling cycles. A few
years later, Kui et al. [40] reported that the Pd4oNigoP,9 amorphous alloy could be made by
using boron oxide fluxing method to purify the melt and to eliminate heterogeneous
nucleation. They successfully improved the critical casting thickness from 5 mm to 10 mm by

processing the Pd-Ni-P melt in a boron oxide flux.

More and more amorphous alloys were fabricated by various preparation methods. In
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the 1980s, a variety of solid-state amorphization techniques, which are completely different
mechanisms from rapid quenching, such as mechanical alloying [41], ball milling [42],
diffusion induced amorphization in multilayer [43], ion beam mixing [44], hydrogen-induced

amorphization [45] and inverse melting [46] were developed.

In the late 1980s, Inoue’s group [47, 48] in Tohoku University of Japan succeeded in
finding many new multicomponent amorphous alloy systems consisting mainly of common
metallic elements and the rare earth materials with Al and ferrous metals with lower critical
cooling rates. They found extraordinary glass forming ability in La-Al-Ni and La-Al-Cu alloy
systems [47]. By casting the alloy melt in water-cooling Cu molds, the cylindrical samples
with diameters up to 5 mm or sheets with similar thickness were made fully glassy in the
LassAlssNiyg alloy, and the later LassAlysNijgCuyg alloy was fabricated with a diameter up to

9 mm by the same method.

In 1990s, some similar alloys with rare-earth metals partially replaced by the alkali-earth
metal Mg, such as Mg-Y-Cu, Mg-Y-Ni, etc., were also developed by the Inoue’s group [8, 49],
along with a family of multicomponent Zr-based bulk metallic glasses (e.g. Zr-Cu-Ni,
Zr-Cu-Ni-Al BMGs) [15]. The Inoue’s group further developed Pd4oCusoNijoPa alloy system
in 1997, and the results showed that the Pd4oCusoNi;oP29 amorphous alloy has lower melting
temperature (T) and higher reduced glass transition temperature (Ty/Ty) as compared with
those for the PdsoNisP2 amorphous alloy. The difference in T, and Ty/T, indicate the
possibility that the glass forming ability is considerably larger for the new Pd-Cu-Ni-P alloy.
The largest critical casting thickness could reach to 72 mm in the Pds4oCusoNioP2o alloy
system [50]. In 2002, based on the Pd-Cu-Ni-P alloy, Nishiyama et al. [51] further reported
that the critical cooling rate for glass formation for the Pd4;sCusgNizsPyo alloy can be

markedly decreased to be 0.067 K/s by fluxing treatments.
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But owing to the cost and heavyweight of the Pd-based alloys, the low-cost and
lightweight metallic glasses with the aim of meliorating the specific strength were the
developing emphasis. It is apparent that the metallic glasses were developed in the sequence
beginning with the expensive metallic Pd- and Pt-based, followed by less expensive Zr-, Mg-,
Ti- and Ni-based bulk metallic glasses. Furthermore, it can be seen that the much cheaper

Mg- and Zr-based BMGs were recently developed and had attracted extensive interests.

2-2 The systems of amorphous alloys

According to Inoue’s study [48], the system of amorphous alloy can roughly be divided
into nonferrous and ferrous alloy systems as shown in Table 2.1. The nonferrous alloy
systems are Mg-Ln-M (Ln = lanthanide metal, M = Ni, Cu or Zn), Ln-Al-TM (TM = VI-VIII
group transition metal), Zr-Al-TM, Zr-Ti-Al-TM, Ti-Zr-TM, Zr-Ti-TM-Be, Zr-(Nb,
Pd)-Al-TM, Pd-Cu-Ni-P, Pd-Fe-Ni-P, Ti-Zr-Ni-Cu-Sn and Ti-Zr-Ni-Cu-(Si, B) systems.
However, the ferrous alloy systems comprise Fe-(Al, Ga)-metalloid, (Fe, Co, Ni)-(Zr, Nf,
Nb)-B, Fe-Co-Ln-B, Ni-Ti-P and Ni-Nb-(Cr, Mo)-(P, B) alloys. Table 2.1 lists typical bulk
amorphous alloy systems reported since 1988 up to date and the year in which they were first
published. It is observed that the ferrous alloy systems have been found after the synthesis of

the nonferrous alloy system.

In terms of the features of the alloy components, the alloy components are classified into
five groups summarized in Table 2.2 and Figure 2.1 [48]. The first group (i) comprises ETM
(or Ln), Al and LTM, such as Zr-Al-Ni and Ln-Al-Ni alloy systems. The second group (ii)
consists of LTM, ETM and metalloid as exemplified for Fe-Zr-B and Co-Nb-B alloy systems.

The third group (iii) is LTM (Fe)-(Al, Ga)-metalloid systems and fourth group (iv) is
12



indicated by Mg-Ln-LTM and ETM (Zr, Ti)-Be-LTM alloy systems. However, the fifth group
(v) as Pd-Cu-Ni-P and Pd-Ni-P systems are composed only of two kinds of group element
(LTM and metalloid), which are different from the combination of the three types of group

elements for the alloys belonging to the four previous groups.

2-3 The indices for predicting glass forming ability (GFA)

Glass forming ability (GFA) is essential for understanding the origin of the glass
formation and also important for designing and developing new bulk glassy compositions. It
is generally believed that the GFA of an amorphous alloy initially determined by the critical
cooling rate (R.). The high cooling rate was used to suppress the nucleation of a crystalline
phase and to obtain the fully amorphous alloy. That is to say, the smaller R, the higher the
GFA of a system should be. However, the critical cooling rate is a parameter that is difficult
to measure accurately. Moreover, R, can only be determined once the composition of the bulk
metallic glass is known. Thus, it is necessary to establish a simple and reliable parameter that

correlates well with GFA.

A great of scientific effort has therefore been devoted to searching for a proper GFA
measure for metallic glasses. As a result, many GFA parameters or criteria have been
proposed to reflect the relative GFA among BMGs on the basis of the characteristic
temperatures measured by differential thermal calorimetry (DSC) or differential thermal

analysis (DTA).

One of the GFA parameters is the reduced glass transition temperature Ty (= To/Th,
where T, and T,, are the glass transition temperature and melting point, respectively) was

developed by Turnbull et al. [52]. They found that there is a clear tendency for GFA to
13



increase with increasing To/Tp, as shown in Figure 2.2. However, a refined parameter taking
T, and T; (the liquidus temperature) into account was proposed by Lu et al. [53, 54].
According to Lu’s results, the reduced glass temperature T,, (= Ty/T;) shows a better
correlation with GFA than that given by T,/Ty, for BMGs. In view of Ty, Tj is dependent on
composition, choosing the suitable concentration near the eutectic point so that the
probability of being able to cool fast through the supercooled liquid region without any
crystallization. In other words, the T can also be used to indicate the relative stability of
stable glass-forming liquids; the lower T the larger stability of the liquid (i.e., the liquid can

remain stable to a lower temperature with no nucleation of any crystalline phase).

Apart from T,,, another important parameter is the supercooled liquid range, ATy (= Tx —
T,), which is equal to the difference between the onset temperature of the first crystallization
peak (Tx) and the glass transition temperature. It is well known that the supercooled liquid
range ATy determined upon devitrification is a quantitative measure of the stability of the
supercooled range. Therefore, a large AT value may indicate that the undercooled liquid can
remain stable in a wide temperature range without crystallization, and has a high resistance to
the nucleation and growth of crystalline phase. Figure 2.3 reveals that the relationship
between R, tmax (maximum sample thickness) and ATy [48]. One can see a clear tendency

that GFA increases with increasing ATx.

Although both T,, and ATy are used as indicators for the GFA of metallic glasses, they
show contrasting trends versus GFA in many alloy systems. For example, Waniuk et al. [55]
showed that Ty, correlated well with GFA in Zr-Ti-Cu-Ni-Be alloy system whereas ATy had
no relationship with GFA. Another example occurs in Cu-Zr-Ti and Cu-Hf-Ti ternary systems
reported by Inoue et al. [56]. On the contrary, it was found that the T, was not reliable

enough to infer relative GFA in Pd4NisFexP2 (x = 0 ~ 20) [57], Fe-(Co, Cr, Mo, Ga,
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Sb)-P-B-C [58] and MggsCuisM oY 10 (M = Ni, Al, Zn and Mn) [59] amorphous alloy systems.
Thus, further investigation is necessary to obtain a better and more precise parameter to

reflect the GFA of bulk metallic glasses.

In 2002, a new parameter y, defined as Ty/ (T, + Ti), was proposed by Lu and Liu [60],
and the definition of y is shown in Figure 2.4 [61]. They found that the parameter y showed
better coherence for judging the GFA than T,, among metallic glasses. Table 2.3 presents the
summary of ATy, T, and y calculated for some typical conventional metallic glasses [60]. In
addition, the relationship between v, the critical cooling rate R, (K/s) and section thickness Z

(mm) can be expressed as follows:

Re = 5.1 x 10*'exp(-117.19y), (2-1)

Z. = 2.80 x 107exp(41.70y). (2-2)

These two equations can be used to estimate R. and Z. when vy is measured readily from
DSC/DTA measurements. Furthermore, the y parameter has been successfully applied to

glass formation in the bulk Fe-Nd-P amorphous alloy.

In 2007, a modified y parameter, defined as yn = (2Tx-T,)/ Ti, has been established by
Du et al. [62]. Based on a report by Du et al., the overall liquid phase stability is positively
related to the quantity of (Tx-Tg)/Ti, where the parameter T, is proportional to the
crystallization resistance. The y,, parameter also reflects the effects of Ty, T, and T; which are
basically measured upon devitrification of amorphous materials, the same as the previous
v parameter. An excellent linear relation of R, is clearly observed, as shown in Figure 2.5. In
order to compare the efficiency of the different GFA parameters, the statistical correlation
factor, R%, has been evaluated by using the data reported by Lu and Liu. Therefore, yn

parameter reveals an excellent correlation with the GFA of metallic glasses, with the
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statistical correlation factor of R?=0.931. From the results obtained so far, the ym, parameter

seems to be promising for determining the GFA of an alloy.

2-4  The main empirical rules for the synthesis of amorphous alloys

Ever since the discovery of metallic glasses by Klement and coworkers [16], various
methods developed to fabricate bulk metallic glasses were mostly empirical in nature, but
researchers gradually began to understand that the proper choices of elemental constituents
would lead to metallic glasses exhibiting critical cooling rate as slow as 1~100 K/s. It is well
known that the three empirical rules for forming bulk metallic glasses were proposed by
Inoue. According to Inoue’s research [49, 63-65], the three empirical rules comprise: (1)
multicomponent systems consisting of more than three elements; (2) significant difference in
atomic sizes with the size ratios above about 12% among the three elements; and (3) negative
heats of mixing among the three main constituent elements. Inoue claimed that the metallic
glasses satisfying the three empirical rules have special atomic configurations in the liquid
state which are significantly different from those of the corresponding crystalline phases. In
addition, the three empirical rules can also be clarified by the thermodynamics, kinetics and

structure aspects, and these factors will be discussed below.

Firstly, in terms of thermodynamics, bulk metallic glasses usually exhibit a lower AG
(Gibbs free-energy) than their corresponding crystalline states. It has generally been found
that high GFA is favored by small values of AG. From general thermodynamic equation, AG
can be expressed as AG = AH¢ - TAS, where AHy and ASy are the enthalpy and entropy of
fusion, respectively. One can tell that a low AG implies a small enthalpy of fusion AHy and
large entropy of fusion ASy. The large ASr is expected to associate with multicomponent

alloys because ASy is proportional to the number of component. Besides, the low AHg
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signifies that the negative heats of mixing among the three main constituent elements. Form
the thermodynamics considerations, the negative heat of mixing is referred to the fact that the

distinct atoms tend to bond together.

Secondly, in terms of kinetics, the parameter such as nucleation rate of crystalline phase
has a significant influence on the GFA in the supercooled region. In 1969, Turnbull [66]
suggested that the homogeneous of nucleation (/) and growth (U) of a crystalline phase with a

spherical shape from the supercooled liquid can be written as

B 10% —~ba’ B 31 .
1= . exp{Tf(ATr)z} [mm™s™], (2-3)
091l )|

n T,

where 771s viscosity, b is a constant determined by the nucleus shape, 7, is the reduced
temperature (=T/Ty,), 47T, is equal to 1-T; and f'is the fraction of nucleus sites at the growth
interface. Besides, o and [ are dimensionless parameters related to liquid/solid interfacial

energy (o); these parameters can be defined as:

ﬁ:% (2-6)

Here, Ny, V and R are the Avogadro’s number, the atomic volume and the gas constant,
respectively. In these relationships, the important parameters are 77, « and f. The increase of
these three parameters will decrease the 7 and U values, and further leads to an increase of
GFA. In addition, the increase of « and f indicates the increase in ¢ and AS and decrease in
AH. The results are consistent with the interpretation of achieving high GFA derived from the

thermodynamics considerations. Another notable parameter is «f"”, one can see that the
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supercooled liquid with af”” > 0.9 would practically not crystallize at any undercooling. In
contrast, it should be practically impossible to suppress the crystallization of supercooled

liquid for which is small, e.g. 8”7 < 0.25.

Thirdly, in terms of structure, the atomic configuration of bulk metallic glasses also
plays an important role for the designing new amorphous alloy systems. From the
Hume-Rothery rule [67], an extensive solid solubility of one metal in another only occurs if
the sizes of the metals differ by less than 15%. On the other hand, the difference in atomic
size ratios above 15% will lead to a complex structure which makes crystallization less easily.
In addition, the GFA of amorphous alloys tends to increase as more components are added to
the amorphous alloys. That is also called the confusion principle which implies that a larger
number of components in an amorphous alloy system destabilize competing crystalline
phases which may form during cooling. The most straightforward evidence can be observed
that the difference in the densities between BMG and fully crystallized state from the density
measurements. Such small difference in values indicates that the bulk metallic glasses have

higher dense randomly packed atomic configurations.

By the way, the amorphous alloys with the three empirical rules always have very deep
eutectic valleys with low melting temperatures, leading to the appearance of high T,/T, and
large ATx. Therefore, a high thermal stability of undercooled liquid for amorphous alloys
which satisfies the three empirical rules is observed. Therefore, one can regard the alloy

compositions with the deep eutectics as the fourth empirical rule.

According to the above discussions, the BMGs were found to have new type of
supercooled liquid with high solid/liquid interfacial energy (i.e., the liquid can suppress the

nucleation of a crystalline phase). This new type of supercooled liquid also has the difficulty
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of atomic rearrangement, leading to a decrease of atomic diffusivity and an increase of
viscosity. Accordingly, the liquid can have high T,. The supercooled liquid also has the
necessity for atomic rearrangements on a long-range scale for crystallization, which causes
the suppression of growth of a crystalline phase. These mechanisms for the stabilization of
supercooled liquid and the formation of bulk metallic glasses are summarized in Figure 2.6

[48].

2-5 Properties and behaviors of amorphous alloys

In addition to the importance of fundamental sciences of BMGs, it is important to clarify
the properties and behaviors of BMGs. It is well known that BMGs exhibit unique properties
such as high yield strength, excellent wear and corrosion resistance, high fracture toughness
and outstanding castability [49, 68-70]. Among all of the unique properties, mechanical
properties are the most important subject in applications as engineering materials. The
mechanical properties, deformation and fracture mechanisms of BMGs as well as the

characterization of shear bands will be discussed in the following section.

2-5-1 Mechanical properties

Since the high degree of dense randomly packed atomic configuration, when the stress is
applied, the amorphous alloys allow small atomic displacement to resist deformation. Due to
the absence of crystal-slip mechanisms for plastic deformation, the amorphous alloys always
show very high strength values. For example, Figure 2.7 shows the relationship between the
tensile strength, Vickers hardness and Young’s modulus for various bulk metallic glasses
together with the data on conventional crystalline alloys [48]. According to these diagrams,

the amorphous alloys have high tensile strength of 840-2100 MPa and Young’s modulus of
19



47-102 GPa which depends on the alloy compositions. Hence, it can be summarized that
amorphous alloys have much higher tensile strength and much lower Young’s modulus. The
significant difference in the mechanical properties is believed to be a reflection of the
difference in the deformation and fracture mechanisms between BMGs and conventional

crystalline alloys.

2-5-2 Deformation mechanisms

Unlike the conventional crystalline alloys, the amorphous alloys do not exhibit
long-range order structures; therefore, the local rearrangement of atoms in amorphous alloys
is relatively high-energy or high-stress process than those for the crystalline alloys. Two
schematic illustrations of local rearrangement are depicted in Figure 2.8 [33]. The first
deformation mechanism for amorphous alloys is originally proposed by Argon et al. [71] on
the basis of an atomic-analog bubble-raft model. According to Figure 2.8(a), a shear
displacement occurs to accommodate an applied shear stress t, with the darker atoms moving
with respect to the lower atoms. This deformation mechanism is also called flow defect,

T defect [72], local inelastic transition [73] and shear transformation zone (STZ) [74-78].

Over the past decades, a considerable number of studies have been made on the
development of an STZ theory of plastic deformation in amorphous alloys [74-78]. The STZ
is essentially a small cluster of randomly close-packed atoms that spontaneously and
cooperatively rearrange under the action of an applied shear stress. The size of an STZ is
predicted to comprise a few to perhaps ~100 atoms from the results of simulation and a
variety of indirect experimental measurement. For example, on the basis of classical
molecular dynamics (MD) computer simulation, the size of an STZ is about 120 atoms in the

Cu-Ti glass system under pure shearing [79]. Besides, it is worth noting that an STZ is not a
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structural defect in the amorphous alloys in the way that a lattice dislocation is a crystal
defect. That is to say, an STZ is an event defined in a local volume, not a feature of the glass

structure.

Another deformation mechanism for amorphous alloys is the classical free-volume
model, as shown schematically in Figure 2.8(b) [33]. This model was proposed by Turnbull
and co-workers [80, 81] and applied to the case of amorphous alloy deformation by Spaepen
[31]. This model regards deformation as a serious of discrete atomic jumps in the amorphous
alloy; these jumps are obviously favored near sites of high free volume which can more
readily accommodate them. Based on the diffusion-like character of the process, the
activation energy for diffusion is usually on the order of ~15-25 k7, which k and 7, are the
Boltzmann constant and glass transition temperature, respectively [81]. If the deformation in
amorphous alloys were driven by local diffusive-like jumps, then one can expect a bias from
gradients in pressure or normal stress, such as driven diffusional flow in polycrystalline
materials. Although it is not clear why local diffusive jumps would be biased by shear
stresses, the free-volume model introduces a simple model to allow constitutive laws to be

developed on the basis of competing free volume creation and annihilation.

Despite the differences in the STZ-type and the diffusive-jump-type model, these
atomic-scale mechanisms share the following common features [33]: (1) They show
characteristics of a two-state system; forward jumps or STZ operations compete with
backward ones, and these can occur at the same spatial position in sequence. (2) They are
thermally activated, and exhibit similar energy scales. (3) They are dilatational; not only is
transient dilatation required at the saddle point configuration, but a semi-permanent
free-volume increase is presumed to accumulate locally after the operation of either

mechanism.
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2-5-3 Characterization of shear bands

As the stress increases, local diffusive jumps or STZ operations become active and
connect to form shear bands in which the plastic strain is localized. The example of the
morphology of the shear bands is shown in Figure 2.9 [82]. Although shear bands are found
in other materials, such as polycrystalline alloys [83], they are particularly important in
amorphous alloys. The shear-band-evolution process is critical for understanding the failure
mechanisms, determining the ductility and improving the mechanical properties of BMGs.
According to the TEM results [84-89], the shear bands in amorphous alloys are only 10-100
nm thick, which is quite small in comparison with shear bands in crystalline metals, 10-100
um thick [90]. In addition, the deformation in amorphous alloy is always accompanied by a
substantial increase in temperature and a corresponding drop in viscosity within the shear

bands.

So far as viscosity concerned, the viscosity drop may result in forming the vein pattern
and even liquid-like droplets on fracture surface. For example, one interesting feature can be
seen on the fracture surfaces, as shown in Figure 2.10 [82]. Although the mechanism for this
viscosity drop is still under debate, it is important to understand the mechanism of the shear

bands for the improvement of mechanical properties.

Besides, it is well known that the shear bands are thin, moving fast and short-lived.
Thus it is not easy to measure this temperature rise directly. According to the infrared
measurements, the temperature rise in shear bands is clearly observed by Yang et al. [91].
However, the spatial and temporal resolution of this technique is too low to allow accurate

determination of the evolution in shear bands. Thus Lewandowski et al. [92] invented a
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clever and simple way to improve the resolution. They coated the amorphous alloy sample
with a thin layer of fusible tin, and observed that after deformation, the tin near the shear
bands had beaded up because it had melted. This fusible-coating method allows the
measurement of local heating in shear bands, with spatial and temporal resolution far
exceeding the infrared measurements. Based on their results, they also found that the width of

the hot zone is at least 100 nm.

Another interesting issue, based on the calculation of heat conduction theory and STZ
modeling, is that Yang et al. [93] proposed that the temperature of shear bands after
deformation is apparently similar to their glass transition temperature (T,) for a number of
amorphous alloy systems. These results provide a new criterion to determine the strength of
BMGs from their Ty, and reveal the fact that catastrophic failure of BMGs is caused by the
sudden drop in viscosity inside the shear band when the temperature approaches T,. The
calculated shear-band temperature at the fracture strength for different BMGs is shown in

Figure 2.11 [93].

2-5-4 Deformation behavior

The plastic deformation of amorphous alloys is essentially a biased accumulation of
local strains incurred through the operation of STZ and the redistribution of free volume.
Generally speaking, the plastic deformation of amorphous alloys can be divided into two

different modes [31]:

(1) Homogeneous deformation,

(2) Inhomogeneous deformation.

A deformation mechanism map, constructed firstly by Spaepen in 1977, of a typical
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amorphous alloy in stress-temperature axes is shown in Figure 2.12 [31]. Homogeneous
deformation of amorphous alloys occurs at low stresses and at temperatures near or above the
glass transition temperature (T > 0.7 T,) at which temperature amorphous alloys may be
thought of as the viscous flow. That is, amorphous alloys are homogeneously deformed in
both space and time. This property, easy forming abilities in a viscous state at elevated
temperatures around the glass transition temperature, promises applications in the field of

near-net shape fabrication of structural components [94-99].

In addition, the region of homogeneous deformation can be further classified into three
parts depending on the viscosity of the material [31]. First, as T is above Tj, the viscosity of
material is about 10 Nm™s and this material can be regarded as the “fluid” matter. Since the
viscosity changes only slowly with temperature, the strain rate contours of Figure 2.12 in this
region are almost horizontal. Secondly, as T is close to T, the viscosity of material is in the
range of 10">-10' Nm™s and this material can be called as the “viscous” matter. In this region,
the viscosity falls very steeply with increasing temperature and the strain rate contours of
Figure 2.12 are almost vertical. Thirdly, as T is lower than T,, the viscosity of material is

higher than 10> Nm™s and this material is called as the “solid” matter.

In homogeneous deformation mode, their mechanical behavior has two characteristic
features. The first is the smooth transition from the Newtonian (i.e., viscosity independent of
strain rate) to non-Newtonian flow (i.e., viscosity decreases with increasing strain rate)
[100-102]. In the other words, homogeneous flow is an ideal Newtonian flow and strain rate
sensitivity m value equals to 1, except at high strain rates. For example, Figure 2.13
exemplifies the strain-rate dependence of the flow stress and viscosity for the homogeneous
deformation in the LassAl,sNiyy amorphous alloy at various temperatures [101]. According to

Figure 2.13(a), the flow stress increased with increasing strain rate and curves shifted towards
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higher strain rates with increasing temperature. Furthermore, as seen in Figure 2.13(b), the
higher strain rates led to a decrease in the viscosity, showing the smooth transition from the
Newtonian to non-Newtonian flow. The second is the possible existence of stress overshoots
or undershoots during the compression or tension tests [103-107]. A typical example of the
stress-strain behavior is shown in Figure 2.14 [107]. As shown in Figure 2.14, stress
overshoots or undershoots are detected after the strain rate increases or decreases,
respectively. Generally speaking, stress overshoots are often observed in amorphous alloys
deformed at high strain rates as a result of the creation of excessive free volume during

deformation.

In contrast to the homogeneous deformation, inhomogeneous deformation usually takes
place at low temperatures (T << Ty). In this region, the stress is very strain rate insensitive, so
that this flow has a horizontal strain rate contours in Figure 2.12. The inhomogeneous
deformation is characterized by the formation of localized shear bands with a thickness of ~
10 nm [89], followed by unstable fracture. The activation and propagation of individual shear
bands will give rise to serrated flow in the stress-stain curve during uniaxial compression
testing. A typical example of serrated flow is shown in Figure 2.15 [108]. The serrated flow
phenomenon was firstly reported by Chen et al. [109] in 1973. From that time, the serrated
flow during the inhomogeneous deformation in amorphous alloys was widely investigated. In
2001, Wright et al. [110] assumed that the formation of each shear band is manifested in a
single serration, and performed the detailed analysis of shear band by using linear variable
differential transformers (LVDTs) to study the time duration of displacement burst. Similar,
more and more scientists adopt nanoindentation measurements to analyze the inhomogeneous
deformation [111-117]. Golovin et al. [111] found some discontinuous pop-in displacement
bursts in the load-depth (P-h) curve by using the nanoindentation test, as shown in Figure

2.16. They suggested that pop-in displacement bursts were associated with the formation of
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highly localized shear bands.

However, in 2004, Schuh et al. [118] performed nanoindentation measurements on the
Pd4oNigP20 and MgesCuysGdip amorphous alloys and proposed a new “homogeneous 11
regime in the deformation map of an amorphous alloy, where the deformation rate exceeds
the characteristic rate of shear band nucleation. In other words, they suggested the existence
of a transition in the plastic flow from inhomogeneous deformation flow at lower strain rates
to homogeneous deformation flow (marked by homogeneous II) at high strain rates at low
temperatures. Therefore, the simultaneous operation of multiple shear bands leads to
macroscopically more homogeneous flow (i.e. disappearance of pop-in events). The
homogeneity of the homogeneous deformation II is in time rather than in space. Based on this,
Schuh et al. further constituted a deformation map for amorphous alloys as shown in Figure

2.17[118].

2-5-5 Deformation model

For the aforementioned, homogeneous deformation of amorphous alloys usually take
place at high temperatures and their thermomechanical behavior has various characteristic
features. Up to now, homogeneous deformation of amorphous alloys can be described in
various ways or different equations [31, 32, 100, 101, 119, 120]. Among these approaches,
Spaepen’s free volume model [31] and Argon’s shear transformation zones (STZ) model [32,
119] seem to be widely accepted and successively used in homogeneous deformation of
amorphous alloys. Based on these two models, the strain rate during homogeneous

deformation of BMG can be described by

E=ag,V;exp(— M) (2-7)

2\/_T
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where « is the steady state fraction of matter capable of undergoing shear transformations, v
is the normal mode frequency of the flow unit along the activation path, agyvg ~ 10" s
[119], kT has its usual meaning, and V is the activation volume (V=vy&, in which v, is the
volume of a flow unit or STZ which undergoes a strain & (~0.125 [31, 119]) during

deformation). And, Eq. (2-7) can also be written as

oV

: 2-8
2ﬁkT) (2-8)

& = &, sinh(

here &, =agv;exp(-AF/kT) is a temperature-dependent rate constant. Thus, based on

stress versus strain rate data, the various parameters of deformation model, such as the

activation volume, energy and STZ volume, can be determined from fitting Eq. (2-8).

In respect of the activation energy AF (or the Helmholz free energy barrier), the

relationship between activation energy and elastic constants can be expressed as

AF = K linkly + 2L+ V)jeo +lz}tV , (2-9)
2pu

30(0-v) 9(1-v)

where v is the Poisson’s ratio, 7 is the ideal shear resistance, u is the shear modulus, and

7/pu=~0.03 [119]. Thus, the activation energy can be theoretically estimated from Eq.

(2-9).

Recently, the activation volume, energy and STZ volume have been examined by using
various deformation conditions, such as compression [105, 107, 121-125], tension [103, 126],
indentation [127], creep [128, 129], thermomechanical analysis (TMA) [130], and so on.
From these studies, the general tendency is that the activation volume is nearly temperature
independent near the glass transition temperature; moreover, the larger activation energy is

always accompanied by the larger activation volume (or STZ volume). To take a simple
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example, Bletry et al. [107] demonstrated that the activation volume of the
Zrs3 sCupNij3AlpTiz s amorphous alloys are measured to be 193-206 ;&3 at the different
elevated temperatures near the glass transition temperature. For similar study, Lee et al. [130]
reported that the activation volume of the Cuy7s5Zr475Als amorphous alloys is observed to
decrease slightly from 167 to 162 with increasing temperature from 703 K (near the glass
transition temperature) to 733 K. That is to say, from these two examples, the activation
volume is nearly independent of temperature. Furthermore, Lee et al. [130] and Fu et al. [125]
suggested that the larger value of the measured activation energy value is directly correlated

with a larger activation volume.

In addition, Argon et al. [119] pointed out that STZ is in a spherical shape during
homogeneous deformation, as illustrated in Figure 2.18. On the other hand, during
inhomogeneous deformation, the STZ is in a disk shape not a spherical shape, as shown in
Figure 2.19. Thus, based on this concept, one can further estimate the radius of STZ volume

during the homogeneous deformation.

2-6 Introduction of microcompression tests

Microcompression tests, developed by Uchic et al. in 2004 [29], were first applied to
examine the mechanical properties of micrometer sized sample of single crystal of Ni,
intermetallic alloy of NizAl-1%Ta and Ni superalloy single crystal. It is the detailed study of
the sample size effects on mechanical properties, published in the highly prestigious journal,
Science, and known as “sample dimensions influence strength and crystal plasticity”. By this
technique, focused ion beam (FIB) and nanoindentation system are two important instruments
for fabricating the micrometer sized compression samples and for examining the mechanical

properties. Compared with common microscale tests, microcompression tests have following
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advantages: (1) the microcompression samples remain attached to the substrate and easy to
handle; (2) the microcompression samples are loaded with the commercial nanoindentation
system; (3) the fabrication of microcompression samples by the FIB can be scripted and
automated. Therefore, this technique has been used for the investigation of sample size
effects on the mechanical properties of single crystals of metals and alloys. These

methodologies are discussed in the following section.

2-6-1 Microsample preparation

It is well known that the FIB systems are popular in the material science applications,
such as advanced circuit editing, transmission electron microscopy (TEM) sample
preparation and pattern machining. A finely focused beam of Ga ions operated at 30 keV is
generally used for site-specific milling. In terms of micropillar, FIB is uniquely suited to
fabricate micrometer sized compression samples at the surface of a bulk material, and the FIB

milling can be classified into two main types based on recent literatures as below:

(a) Annular-milling method,

(b) Lathe-milling program method.

According to the approach developed by Uchic et al. [131], the microscale compression
sample preparation process usually consists of two steps. In the first step, rough etching with
a high beam current of Ga ions is used to mill the outer crater and outline a pillar. In this step,
it is important to fabricate a large crater to make sure that the flat punch indenter will contact
the pillar of interest. Additionally, this step is usually performed by using high current (5~20
nA) of the FIB, since the goal is to quickly remove the material around the sample of interest.
In the second step of the milling process, a series of concentric annular milling pattern by a

finer beam current are made to reach the final desired diameter. For example, the microscale
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sample of Ni single crystal was roughly fabricated by the present method, as shown in Figure

2.20 [131].

In Figure 2.20, one can see that micropillar samples are tapered due to the convergence
angle of the Ga ion beam. It is possible to minimize such taper by adjusting the annular
milling patterns and decreasing the beam current, but it is nearly impossible to produce
perfect micropillar samples that have both a uniform cross-section and well-defined gage
length by using this method alone. Thus, Uchic et al. [131] further modified this FIB milling

fabrication process, as described below.

In order to eliminate the taper of the microcompression sample, which is resulted from
the annular milling pattern process, the sample fabrication process needs to be involved in
tilting the sample so that the angle between the pillar and the plane of the sample surface is as
small as possible. Once the sample is tilted, the FIB can be employed to mill the side of the
microcompression sample with a fine beam current (0.1-3 nA). Therefore, one can imagine
that this approach can be repeated to lathe off the taper through a 360° trimming with rotating
the sample in a small angular increments (5-10°) and keeping the sample in a fixed tilt angle
(2-5°). However, this approach is tedious and monotonous, so Uchic et al. [131] further
developed the software program to lathe off the sample. The program has the built-in

image-recognition functions to perform this task without user supervision.

By this approach, the lathe-milling program is usually set to perform at least two
complete steps around the sample. First, relatively higher beam currents (1-7 nA) are used to
mill the sample to the approximate shape for the first step, and then finer beam currents
(0.05-1 nA) are used for subsequent step. To take a simple example, microcompression

samples of NizAl alloy and Ni-based superalloy that have been fabricated by using this
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fabrication methodology are shown in Figure 2.21 [131]. One can clearly observe the circular
pattern on the top surface of the microcompression sample, and it is a fiducial mark used as a
reference point to reorient the specimen during the incremental milling and unit rotation
process. And that this fiducial mark is half to the size of the expected sample diameter.
Generally speaking, the lathe-milling program method was used to fabricate samples with the
diameter of larger than 2 um. Microcompression samples smaller than 2 pum in diameter are
not prepared by the lathe milling program due to the difficulty in milling well-defined
circular fiducial markers with the diameter of smaller than 0.5 um. Thus, the very small
microcompression samples are fabricated by using only the annular milling pattern method.
To date, these two methods have commonly been used to prepare microcompression samples
in a variety of materials and intermetallic alloys such as Ni or Au single crystal, Ni
nanocrystalline Ni3Al-1%Ta intermetallic alloy, Ni-based superalloy, NizAl alloy and Mg- or
Pd-based metallic glasses. Although the FIB milling can be operated with extreme accuracy,
the rate of milling must be considered in fabricating microscale pillars as well. Generally
speaking, the milling rates are typically about 1000 pm’min” [132] so microscale sample

preparation requires a judicious use of the FIB milling technique.

Besides, there are other micro-machining methods such as micro-electrodischarge
machining (micro-EDM), femto-second laser ablation, micro-electron-chemical milling and
photolithography methods [133, 134]. Those are used at slightly larger length scale relative to
the previous mentions of two FIB milling methods. In terms of micro-electrodischarge
machining, it is a critical technology to fabricate high-aspect-ratio 3D microscale samples.
However, the surfaces of microscale samples fabricated by micro-electrodischarge machining
will exhibit micro-cracks, resulting in stress concentration and reduction of fatigue strength.
For the micropillar preparation, the FIB milling technique seems to be the best choice at

present.
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2-6-2 Force application and measurement

Once the micropillars are fabricated, the samples are then tested in uniaxial compression
by using a flat punch tip in a commercially available nanoindentation system (MTS Nano
indenter XP or Hysitron Triboindenter). Due to the conventional nanoindenter system with
subnanometer displacement resolution and load resolution of 1 nN, it makes the technique
popular in many applications such as the measurement of mechanical properties of thin films
and tribological measurements of coatings. In particular, modified nanoindentation plays an
important role in performing the microcompression test because the use of a flat punch tip
enables the diamond indenter to act as a compression platen. The flat punch tip is also
truncated by using FIB, and the schematic description of microcompression test is shown in

Figure 2.22 [135].

2-6-3 Parameters of microcompression tests

According to the two-dimensional and three-dimensional finite element modeling,
Zhang et al. [136] have made recommendations regarding allowable fillet radius to pillar
radius ratio and aspect ratios, as well as the effect of pillar taper and misalignment of the

system. Examples of these issues are described below.

The first point to be discussed is the geometric factors, such as the fillet radius 7. (or the
curvature at the bottom of the pillar connecting to the base), the pillar aspect ratio « (defined
as the height/diameter ratio) and the pillar taper. And the schematic of a cylindrical pillar and
its base are shown in Figure 2.23 [136]. First, a series of experiments is conducted to

investigate the fillet radius/pillar radius ratio on the output stress-strain curve. An aspect ratio
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of 2 is set in all of the simulations with fillet radius. The input stress-strain curve and the
output stress-strain curves from the simulations with different fillet radiuses (r. = 0.17, 0.27,
0.5r, and r) are shown in Figure 2.24 [136]. From the diagram, one can see that all the
simulated output curves are above the input curve, and there is a greater error in the larger
fillet radius. For example, based on the largest fillet radius/pillar radius ratio, i.e., ./r = 1, the
error in flow stress from microcompression test is about 6% as compared with the input data.
This result indicates the overestimate of the flow stress of the material in the plastic region,

and the flow stress depends on the fillet radius/pillar radius ratio.

There is another issue, however, that needs to be addressed that the distribution of the
von Mises stresses in the pillar and the base for various fillet radius/pillar radius ratios (r./r).
The results show that with increased r./r, the stress concentration at the fillet is alleviated. For
example, there is no obvious stress concentration at the fillet in the case of r./r > 0.5. It is
well known that the stress concentrations may result in localized sample failure prior to
yielding. Thus, the choice of r./r needs to be considered in two issues. One needs a small 7./r
to accurately obtain material behavior in the plastic region, and the other requires large 7./ to
avoid localized failure at the pillar root. In the 2D simulations, the value of r./r in the range
0f 0.2-0.5 is the optimum condition for microcompression test. Therefore, this suggests that if
the r./r is well controlled, the microcompression test can still be used to probe the mechanical

properties of materials.

The second important geometric factor is the pillar aspect ratio . According to the 2D
simulation [136], the aspect ratio of the pillars has a relatively small effect on the output flow
stress curves when the aspect ratio is larger than 2. But if the aspect ratio is smaller than 2,
the output strain hardening of the pillar deviates from the input value. The reason is that the

constraint will result from the pillar base during the microcompression test. However, from
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the 3D microcompression simulations, the friction between the indenter and the pillar top is
considered. Figure 2.25(a) [136] shows a numerical image of a circular cylindrical Al pillar
with an aspect ratio of 5 at a strain of 0.1 s'. Severe buckling is observed, which affects the
corresponding stress-strain curve of the pillar. In contrast, Figure 2.25(b) [136] shows an
image of the same pillar as shown in Figure 2.25(a) [136] at the identical strain rate of 0.1 s,
but with friction included in the simulation. No buckling is observed. In the
microcompression test, it is usually performed without applying lubrication to the interface
between the indenter tip and the pillar top. Figure 2.25(c) [136] displays the input and output
stress-strain curves for pillar aspect ratio o = 2-5. Due to the plastic buckling one can see that
the stress-strain curve exhibits leveling off or stress drop. The results indicate that the plastic
buckling is suppressed by the friction when the aspect ratio is less than 5. Hence, for both 2D
and 3D simulation results, Zhang et al. [136] recommended the aspect ratio of pillars being

around 2-3.

The third important geometric factor is the taper of the pillar. The angle of taper is
defined by the tangent of the pillar wall to the pillar axis, and often the top surface of the
pillar is smaller than the bottom of the pillar. The input curve and the output curves with four
conditions (aspect ratio of 2 with and without taper; aspect ratio of 5 with and without taper)
are shown in Figure 2.26 [136]. From the diagram, one can see that the output curve is very
close to the input data when « = 2 without taper. However, the measured elastic modulus is
obviously larger than the input data by 10-60% if the pillar is tapered with a value of 20:1,
corresponding to the taper angle of ~2.86°. Therefore, the effects of taper result in
overestimated elastic modulus and thus should be minimized by well control of FIB or

micromachining conditions.

Finally, another important factor that may affect the accuracy of microcompression tests
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is the effect of misalignment of the system. This misalignment means the angle between the
end-surface normal of the flat punch indenter tip and the pillar axis. It is believed that the
misalignment effect is manifested primarily in the deviation of the elastic region of
stress-strain curve, giving rise to an underestimate of the elastic modulus of the material.
From the 3D simulation, the effect of misalignment on measured elastic modulus is shown in
Figure 2.27 [136]. The results indicate that the measured elastic modulus decreases with
increasing misalignment. It is noteworthy that the lower elastic modulus even for perfect
alignment (0 = 0°) is due to the compliance of the pillar base. Therefore, the effect of
misalignment significantly affects the test accuracy by underestimating the elastic modulus,

and excessive misalignment may result in buckling of the pillar.

2-6-4 Microscale characterization of mechanical properties

Uchic et al. [29] have developed a unique test method to explore sample size effects on
single crystal of Ni, intermetallic alloy of Ni3Al-1%Ta and Ni superalloy single crystal.
Samples with diameters from 0.5 to 40 um and aspect ratios from 2:1 to 4:1 are tested in
microcompression, using a nanoindentation with a flat punch tip and strain rates from 10~ to
10* s™'. The results showed that the Ni microcompression samples having diameters ranging
from 20 to 40 pum were similar to those for bulk samples, but smaller samples (5 pm)
displayed large strain bursts and considerably higher flow strengths. Sample size effects were
even more dramatic in the experiments conducted on the Ni3Al-1%Ta alloy, whose strength
increased from 250 MPa for a 20-um-diameter sample to 2 GPa for a 0.5-pm-diameter
sample. By comparison, in the case of Ni superalloy single crystal, a 10-um-diameter sample
displayed the same behavior with the bulk tension test. The Ni superalloy contains very fine
precipitates that provide the strong internal hardening mechanisms and preempt the influence

of the external dimensions. Since then, a large number of researches on the sample size
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effects have received considerable attentions. Following studies are presented in

chronological order.

In 2005, Greer et al. [137] reported the significant increase in strength of microscale Au
samples was observed, and the strength increased more than one order of magnitude in
submicron pillar samples. They explained these high strengths in microcompression to be an
indication of dislocation starvation. In their results, the dislocations were believed to pass
through the sample free surface and out of the crystal before they had an opportunity to
interact and multiply. Another notable result was that Greer et al. [137] developed an
alternative fabrication technique based on lithographic patterning and electroplating. Their
results on microspecimen fabricated by both FIB milling and lithographic patterning and
electroplating indicate that the strength increase is not an artifact during the sample
preparation process. In the similar study Volkert et al. [30] had also examined sample size
effects in submicron pillar sample and attributed their results to source-limited behavior in

small volumes.

In 2006, Uchic and co-workers [ 138] demonstrated the microscale compressive behavior
of the NizsAlys alloys by means of microcompression tests. They found that the events of
strain burst are observed in the stress-strain curves of microscale samples. The strain burst
means that the strain (or displacement) takes place almost instantly. An example of strain
bursts occurred during microcompression test is shown in Figure 2.28. SEM micrograph
analysis indicates that the number of observable slip bands is approximately the same as the

number of slip events.

In 2006, the microscale compressive properties of electrodeposited nanocrystalline Ni

were examined by Schuster et al. [139]. They showed that the maximum yield strength was
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1498 MPa for the 20 um diameter sample. The similar study of the Mo-10Al-4-Ni alloy was
reported by Bei and co-workers [140] in 2007. The results showed that the micropillars all
yielded, regardless of the size, at a critical resolved shear stress of G/26, where G is the shear

modulus. It is interesting to note that G/26 is in the range expected for the theoretical strength,

from G/30 to G/10.

To date, the microcompression tests on single-phase metals have generally shown
distinct size effects, the yield and flow strengths increase with decreasing pillar diameter.
These dramatic effects are attributed to dislocation starvation because the size of the sample

is smaller than the characteristic length scale of dislocation multiplication.

In contrast, plastic deformation in bulk metallic glass is not controlled by dislocation
motion. The plastic deformation of BMGs at room temperature proceeds in the form of
highly localized shear bands. Yielding is induced by shear band nucleation and propagation.
The first study of the sample size effect in metallic glasses was by Zheng et al. [34], who
examined mechanical properties in Mg CuxgGd;; amorphous alloy system. The result
revealed that the strength of Mg-based BMGs was sensitive to the sample size. Specifically,
the strength is higher with a smaller size sample. The stress-strain curve from the
microcompression tests is plotted in Figure 2.29. It is notable that the catastrophic fracture
does not occur for the microscale sample with the overall plastic strain exceeding 3.2%, as

shown in Figure 2.30.

Subsequently, Schuster et al. [141] demonstrated that the size effects of the Pd4oNigoP2
BMGs were moderate increases of ~9% in the 0.2% offset yield stress of the microscale
samples in comparison to those observed for bulk counterparts. The results were not the same

with those observed for Ni or Au single crystal. Schuster et al. [141] interpreted that this
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moderate increase in strength was attributed to the decreases in the defect population in the
microscale samples, but not caused by the sample size effect. An additional surprising
observation in the fracture morphology showed that the fracture surface of small samples was
planer, facet free, no vein pattern and droplets, as shown in Figure 2.31. It is not similar to the
fracture morphology exhibiting a characteristic “vein” or “river” pattern in typical BMGs.
Schuster et al. [141] explained that this phenomenon may imply that these microscale

samples were not able to develop fully shear bands.

Recently, Cheng et al. [142] employed microcompression tests on the
Zrs57TisNigCuy0Al;p BMGs and found that the melting of microscale samples was observed
under a higher strain rate (~ 10~ s), as shown in Figure 2.32. And it was not the same to the
results discovered by Schuster’s group. Besides, the yield stress observed was higher than
that measured in conventional compression testing of the same amorphous alloy sample,

consistent with the recently reported microcompression results on crystalline materials [139].
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Chapter 3 Experimental Procedures

The multicomponent alloys with the designed compositions of MgesCursGdio,
Zre38Nij62CuisAls  and  AusgAgssPdy 3CuyeoSijes are examined in this study. The
MgssCupsGdio bulk metallic glasses are fabricated by the arc melting plus injection casting
method. The Zrg; gNije2CusAls and AusgAgssPdy3CuzsoSijes are fabricated by the arc
melting plus suction casting method. The composition of the MgssCursGdio,
Zr638Nij62CusAls and AuggAgs sPd; 3Cus60Siies alloys are analyzed by scanning electron
microscopy (SEM) equipped with energy dispersive X-ray spectrometry (EDS). The
microstructure and glassy nature of samples are identified by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The thermal stability of the samples is examined
by differential scanning calorimetry (DSC) with heating rates of 40 K/min. Furthermore,
room temperature compression tests are conducted on the bulk rod samples to characterize
the mechanical properties by an Instron 5582 universal testing machine. With regard to
microscale mechanical properties, the microscale samples are subjected to microcompression
tests. The deformed sample appearances after the compression tests are investigated by SEM.

The flow chart of experimental procedures is shown in Figure 3.1.

3-1 Materials

The elements used in this study were purchased from Well Being Enterprise Co., Ltd,
Taipei, Taiwan. The purities of the elements are of concern; that magnesium is as pure as
99.9%, copper is as pure as 99.99%, gadolinium is as pure as 99.9%, zirconium is as pure as
99.99%, nickel is as pure as 99.9%, aluminum is as pure as 99.99%, gold is as pure as

99.99%, silver is as pure as 99.99%, palladium is as pure as 99.99% and silicon is as pure as
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99.99%. The constituent contents of the alloys in atomic and weight percentages (at% and

wt%) prepared in this study are shown in Table 3.1.

3-2 Sample preparation

3-2-1 Preparation for MgesCuysGdig

To synthesize the multicomponent alloy, three main methods are applied in this study.
One is arc melting, another is induction melting, and the other is injection casting. First of all,
a Cu-Gd master alloy is initially prepared by arc melting of pure Cu and Gd (99.99% for Cu
and 99.9% for Gd) under an argon atmosphere. The applied device is the Centorr Series 5
Bell Jar Single Arc Furnace, as shown in Figure 3.2. The operating current is about 200-300
A and the maximum temperature is 3500 °C (3773 K). The schematic diagram for arc melting

furnace is illustrated in Figure 3.3.

Before the starting of arc melting, in order to avoid the occurrence of crystallization due
to the oxygen impurities, the argon needs to be continuously purged into the furnace to flush
the oxygen and to ensure a low oxygen vapor pressure environment inside the furnace.
Besides, cold water also needs to pour into and to flow through the bottom of the copper
mold to increase the heat exchange rate. Finally, the chosen component placed on the bottom
of the copper mold will be melted by the high voltage arc under a titanium getter argon
atmosphere. It should be repeated for more than four times to confirm the homogeneous

mixing of composition.

The Cu-Gd master alloy is then melted with Mg (99.9%) in an iron crucible by using

induction melting. The crucible needs to be sprayed a thin boron nitride layer to avoid the
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interaction between alloy and crucible at high temperatures. Then the argon atmosphere is
maintained to 1 atm in order to suppress the generation of Mg vapor and the loss of the
constituent accuracy. After complete melting, the alloys are poured into a water-cooled
copper mold under an argon atmosphere. The process of beforehand casting could ensure
complete mixing between elemental components and is favorable to fabricate the BMGs by
the injection casting method since master alloys prepared by first casting could decrease the

melt temperature during injection casting.

Finally, test samples are fabricated by placing an appropriate amount of the Mg-Cu-Gd
master alloy in a quartz tube and remelted under an argon atmosphere, followed by injection
melting into a water-cooled copper mold with an internal cylindrical-shaped cavity of 3 mm
in diameter. In the same way, the quartz tube needs to be sprayed a thin boron nitride layer to
avoid the interaction between alloy and quartz tube at high temperature, and the argon

atmosphere is also added to 1 atm in order to suppress the generation of magnesium vapor.

3-2-2 Preparation for Zrgs gNis2CuisAls

Prior to describing the experimental procedure of Zre; sNij62Cu;sAls, it is necessary to
understand how to predict exactly the optimum composition of an alloy with two
micro-scaled glassy phases. The detailed approaches are presented below. Furthermore, the
relationship of heat of fusion among the constituent elements in the Zr-Cu-Ni-Al alloy system

is shown in Figure 3.4 [143].

According to the literatures, Yan et al. [144] have successfully used a
computational-thermodynamics approach to predict the potential compositions of

Zr-Ti-Ni-Cu alloys with low-lying-liquidus surface which favors glass formation. These
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calculated compositions of Zr-Ti-Ni-Cu alloys are noted to be in good agreement with those
determined experimentally by Lin and Johnson [145]. Hence, this approach, building on
information from the lower order constituent binaries and ternaries, can be used as a valuable
tool for predicting the compositions of multicomponent alloys which exhibit a great tendency
for BMG formation. The similar study for Nb-Hf-Si ternary system was also presented by

Yan et al. in 2003 [146].

However, before applying the method on the Zr-Cu-Ni-Al system, we need to employ a
“thermodynamic description” concept on the basis of the description of a multicomponent
system obtained by the Calphad approach [147-150]. The term “thermodynamic description”
means that the parameters of the thermodynamic models for all phases in a system in
question are available. Consequently, the thermodynamic description of the higher order
multicomponent systems can be predicted from the lower order constituent systems, i.e.

binaries and ternaries.

According to the study of Du et al. [151], for the quaternary Zr-Cu-Ni-Al system, there
are use six constituent binaries and four constituent ternaries. Thus, the thermodynamic
description for the quaternary Zr-Cu-Ni-Al system can be obtained by extrapolation based on
the descriptions of the lower order systems. Using this description and the commercial

software Pandat [152], we can calculate the isotherms and isopleths.

For the quaternary system, the calculated isotherm is a tetragonal volume under a
constant pressure, and a two-dimensional section can be obtained from cutting with constant
Al content. This will provide the information for the selection of alloy compositions. In this
study, the selected “X” alloy (ZrggNijs2CujsAls) within the two immiscible liquid phase

region (L1 and L2) is shown in Figure 3.5, and it is the isothermal section in the Zr rich
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corner under a constant 5 % Al content at 1050 °C (1323 K). The isopleth C-C cut in Figure
3.5 is calculated between AlsNisZrss and AlsCuysZrsy composition regions, as shown in
Figure 3.6. According to the diagram, the “X” alloy is located in the two-liquid-phase region,
and the compositions of the two calculated liquid phase are Ni-rich Zrgs 4Ni23 9Cus6Al;; and

Cu-rich ZI’61.7Ni12.gCU18.8A16.7, respectively.

For experimental procedures, the alloy with the optimum composition of
Zre33Ni162CuysAls is prepared by arc melting of the high purity elements under a purified
argon atmosphere, followed by in situ suction casting of the alloy into a copper mold to

process BMG rods (2 mm in diameter).

3-2-3 Preparation for AusgAgssPd; 3Cu26.9Sii63

According to the results, reported by Schroers et al. [18], one known that the
AugAgs sPd; 3Cuy6.9Sii6.3 amorphous alloys show the best glass forming ability and excellent
mechanical properties. Thus, in this study, we choose this composition to investigate the
properties of micrometer-sized BMGs at room and elevated temperatures. For the
AusAgs sPd; 3Cuge9Siie3 alloy, the preparation procedure is similar to the fabrication of the
Zre38Nij62CupsAls  alloy.  Firstly, the alloys with the  compositions of
AusAgs sPd; 3Cuye9Siie 3 are fabricated by arc melting preparing the ingots (99.99% for Au,
99.99% for Ag, 99.99% for Pd, 99.99% for Cu, and 99.99% for Si) in an arc furnace under an
argon atmosphere. To obtain the homogeneous mixing of composition, the arc melting
method should be repeated for more than four times. After the ingots are melted
homogeneously by arc melting, the melt is immediately sucked into a water-cooled copper

mold with an internal cylindrical-shaped cavity of 3 mm in diameter.
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3-3 Property measurements and analyses

3-3-1 XRD and SEM/EDS characterization of as-cast ingots

The glassy nature of the cross-sectional surface of the as-cast rods can be first
ascertained by X-ray diffraction (XRD). The SIEMENS D5000 X-ray Diffractometer with Cu
K. radiation (A = 1.5406 1&) at 40 kV and 30 mA, equipped with 0.02 mm graphite
monochrometer, is used. Scans are taken over a 20 range of 20° to 80° using a scanning rate
of 0.1° per four seconds. Note that the samples cut from the as-cast rods need to be ground by

silicon carbide abrasive papers to remove the possible oxidized outer surface.

Furthermore, the scanning electron microscopy (SEM) equipped with energy dispersive
X-ray spectrometry (EDS) is used for the qualitative and quantitative constituent analysis in
this study. The sliced samples from the bulk metallic glass rods are selected to identify the

constituent component and confirm the composition percentage of the bulk metallic glasses.

3-3-2 Thermal analysis using DSC

Thermal properties of the amorphous alloy rods are characterized by using PerkinElmer
Pyris Diamond Differential Scanning Calorimetry (DSC) with a heating rate of 40 K/min
under a flowing argon atmosphere. In DSC analysis, it can examine the thermal stability and
determine the values of the glass transition temperature (T,), the crystallization temperature
(Tx), the solidus (Ty,) and liquidus (T;) temperatures, and the supercooled liquid region (ATx =
Ty - Ty) by the heating process. According to the DSC results, the glass forming ability (GFA)
parameters can also be obtained. Furthermore, in order to prevent oxidation and vaporization

at high temperatures, samples are placed in copper crucibles and tightly sealed with a nickel
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ring. The pre-presence air in the chamber is flushed by pure nitrogen gas and the positive

nitrogen pressure is maintained while heating.

3-3-3 Microstructure analysis using TEM

The  detailed microstructure of  MgesCupsGdig,  Zrez sNij2CuisAls  and
AugAgs sPd; 3Cuy69Sii6 3 amorphous alloys are examined by using the JOEL 3010 analytical
scanning transmission electron microscope (AEM) at 200 or 300 kV. The TEM samples are
first ground with SiC paper from #1200 to #4000. Then, the TEM samples are thinned by
using an ion miller (GATAN PIPS-691 Ion-Miller) to produce the high quality TEM samples.
In this step, in order to avoid the radiation induced crystallization or heating, the ion-beam

energy is about 3 kV and milling angle about 9°, as reported by Sun et al. [153].

3-4 Microcompression test

3-4-1 Microcompression sample fabrication using FIB

The Mg65Cu25Gd10, ZI'63_8Ni16.2C1,115A15 and ALI49Ag5_5Pd2,3CL12(,_9Si16_3 alloy rods are
sliced to a disk of 1.5 mm in height by using a diamond cutter. Then the disks are ground
with the SiC paper from #1200 to #4000. The surface of these disks is polished to a mirror

finish with a diamond polishing paste, from 1 pm grit to 0.25 pum, prior to the focus ion beam

(FIB) machining.

The microcompression samples are prepared using the dual focus ion beam system (FIB)

of Seiko, SMI3050 SE, following the method developed by Uchic et al. [29]. A Ga beam

operated at 30 keV and 7-12 nA is initially directed perpendicular to the surface of the BMG
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disk to mill a crater with a much bigger size (around five times of the corresponding pillar)
island located in the center. The bigger crater is necessary to leave sufficient space for the flat
punch tip in the microcompression tests. Then, the same voltage and smaller currents of 0.7
to 0.09 nA are used to refine the preserved island in the center to a desired diameter and
height of the pillar. A series of concentric-circle patterns are utilized to machine the pillars.
The diameter, d, of a pillar, e.g., 3.8, 1 and 0.7 um in this study, is defined as the diameter at

the half-height position.

3-4-2 Microcompression test using nanoindentation system

Once the microcompression samples are fabricated, the samples are tested in uniaxial
compression by using a commercially available nanoindentation system (MTS Nanoindenter
XP), as shown in Figure 3.7. Nanoindentation systems are nominally designed for performing
low-load depth-sensing indentation experiments using a sharp diamond tip. One modification
is made for this system in order to perform the microcompression tests, which is to replace
the sharp tip with a flat punch indenter tip, as shown in Figure 3.8. In this study, the flat
punch tip is custom machined out of a standard Berkovich indenter by etching off the
diamond tip in the FIB, resulting in the projected area of the flat punch tip is an equilateral
triangle of 13.5 pm, as shown in Figure 3.9. The microcompression setup is schematically
shown in Figure 3.10. All pillars are deformed in a displacement control under the continuous
stiffness measurement (CSM) mode at room temperature. The corresponding strain rates vary

from1x10%to1x102%s™.

3-4-3 Morphology of deformed pillar samples

The outer surfaces of the pillar samples before and after microcompression are examined
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by scanning electron microscope (SEM, JEOL ISM-6330 TF). The shear band distribution on
the outer surface of the pillars will be observed in order to study the deformation mechanism

for bulk metallic glasses.

3-4-4 Microstructures of deformed pillar samples

In order to observe the detailed microstructure of pillar samples before and after
deformation, the TEM samples of the pillars are prepared in the dual focus ion beam of Seiko,
SMI3050 SE, using a trenching and liftout technique [154-156]. This schematic illustration of
this technique is shown in Figure 3.11 [156]. First, in order to provide a support and to
protect the pillar, the carbon is deposited around the pillar using electron beam induced
deposition followed by ion beam induced deposition. Then, the slope-etching is employed to
cut trenches around the pillar with an energetic Ga ion beam. Next, the TEM samples could
be further thinned by using the Ga ion beam with lower voltages and currents. Finally, the
TEM samples are moved on a carbon-coated Cu grid. After the TEM sample preparation, the
TEM samples are also examined by using the JOEL 3010 analytical scanning transmission

electron microscope (AEM) operated at 200 or 300 kV.

3-5 High temperature microcompression test

In the same way, the AusAgssPd;3Cuy9Sije3 amorphous alloy pillar samples with a
diameter of 3.8 and 1 um are fabricated by using FIB to investigate deformation mechanism
over a wide range of test temperatures. For high temperature microcompression testing, two
kinds of indentation system, MTS Nanoindenter XP and Hysitron Triboindenter, are included
in this study. The detailed experimental procedures are described in the corresponding section

below.
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3-5-1 MTS Nanoindenter XP system

By combining the capabilities of the MTS Nanoindenter system with the heating stage
option, this system can be used for mechanical characterization of materials at elevated
temperatures. Thus, if the sharp tip is replaced with a flat punch tip, microcompression tests
can be performed at elevated temperatures. The appearance of the heating stage is shown in
Figure 3.12. The temperature controller is used to control the temperature of the heating stage.
This temperature reading is taken from the heater block of the hot stage. There is
approximately a 10-11% drop in temperature from the heater block to the sample after the
system has reached its steady state. For example, we set 150 °C in the heating controller, but
the real temperature measured on sample is only about 135 °C. However, for the convenience
of discussion, these real temperatures will be used in the following section. The heating time
is 7-8 min from the ambient to elevated temperature, and the time for stabilizing temperature
fluctuation is 5-7 min. The temperature fluctuation could be controlled within the variation of
< 1 °C during microcompression testing. When testing samples at elevated temperatures, it is
crucial to test fast. Due to the temperature difference between the sample and the surrounding
environment, the sample will experience thermal expansion and contraction. Therefore, we
should conduct loading, unloading, and holding segments in a very short manner. For this
reason, for high temperature microcompression testing, all pillar samples are deformed in a

displacement control mode with an initial strain rate of 1 x 1072 5™

3-5-2 Hysitron Triboindenter system

High temperature microcompression tests are also performed with a Hysitron

Triboindenter system under the displacement control mode using a flat punch which is
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machined out of a standard Berkovich indenter with MACOR holder. The projected area of
the tip of the punch is an equilateral triangle of 12 um. The apperances of the heating stage
and Hysitron Triboindenter system are shown in Figures 3.13 and 3.14, respectively. To
measure the temperature as precisely as possible, test samples attached with a thermal couple
are glued on a thin atomic force microscope (AFM) specimen disc using a high temperature
glue, and the disc assembly is further clamped onto the heating stage. Meanwhile, the heating
stage is covered with a sheet of alumina-silica paper to minimize the convection as shown in
Figure 3.15. After stabilizing at a prescribed temperature for at least 15 min, the indenter tip
is moved onto the sample surface in the AFM imaging mode, so that the tip could also be
heated and reached a steady-state temperature distribution. A temperature variation of < 0.1
°C within 15 min is achieved and the thermal drift rate is also monitored before every
experiment. Instead of using an optical microscope, the position of the test pillar is precisely
located by AFM imaging in Hysitron Triboindenter using the same flat punch tip at high
temperatures. A low set point force of 2 uN and slow scan frequency of 0.4 Hz are used
during the AFM image. Once the test is ready, the flat punch began to compress without
losing contact with the sample surface. This continuous contact between sample and punch
results in a negligible temperature variation (< 0.1 °C) and low thermal drift rate (< 1 nm/s)
[157]. Constant displacement rate and displacement rate change tests are both performed at
the nominal strain rates ranging from 10~ to 10? s'. Each compression test took less than

100 s for an acceptable error from thermal drift (< 10% for 1 um total displacement).

3-6 Nanoindentation measurements

3-6-1 Elastic modulus and hardness

The nano-mechanical properties of the Mg-, Zr- and Au-based BMGs are tested by the
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MTS Nanoindenter XP equipped with a Berkovich indenter under the continuous stiffness
measurement mode. The continuous stiffness measurement mode offers a direct measure of
dynamic contact stiffness during the loading part of the indentation testing. That is to say, this
technique allows the continuous measurement of mechanical properties of materials at any
point along the loading curve. In this study, the tested samples are indented to a depth of 1000
nm at a strain rate of 5 x 10 s™\. Prior to nanoindentation measurements, the surface of these
disks is ground with the SiC paper and then polished to a mirror finish with a diamond

polishing paste.

3-6-2 Abrasive wear

All three BMGs are also subject to nanoscratch testing using the MTS Nanoindenter XP
equipped with the Berkovich indenter. A typical nanoscratch experiments are performed in
three stages; an original profile, a scratch segment and a residual profile. In the first stage, the
surface morphology is obtained by pre-profiling the surface under a very small load (100 puN)
at a location where the scratch is to be performed. Then, the indenter tip is slid onto the
sample surface under ramping loads and the scratch depth is continuously monitored during
the scratch testing. Finally, in the same way, a final profile helps establish the residual scratch
depth. The schematic of typical nanoscratch experiment is illustrated in Figure 3.16. The tip
is slid onto the tested samples at a scratch velocity of 10 um/s over a length of 500 um under
ramping loads from 0 to 30 mN. The detailed testing condition is shown in Table 3.2. After
the nanoscratch testing, the worn scratch tracks are characterized by scanning electron
microscopy (SEM, JEOL-6330), and the cross-section profiles are measured by the MTS
nanoindentation system. In addition, the residual scratch depth, width and pile-up height can

be determined by profiling across the scratch, as shown in Figure 3.17.
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Chapter 4 Experimental Results

4-1 XRD and SEM/EDS analysis

The glassy nature of the as-cast MgesCuxsGdig, Zre3 sNije2CuisAls  and
AugAgs sPd; 3Cuy6.9Sii63 alloy rods are identified by XRD, as shown in Figures 4.1(a) to (c),
where no apparent crystalline peak can be detected. In Figure 4.1(a), the XRD pattern of the
injection cast Mg-based BMG rod shows a broad peak ranging from 30° to 40°, implying the
rod is amorphous. Similarly, the XRD pattern of the suction cast Zr- and Au-BMG rods are
shown in Figures 4.1(b) and (c), respectively. The broad diffused amorphous humps are also

observed in the suction cast Zr- and Au-BMG rods.

Furthermore, the qualitative and quantitative constituent analysis of the as-cast Mg-, Zr-
and Au-based BMG rods is identified by SEM/EDS. The results are summarized in Table 4.1.
On the basis of EDS results, the composition of the Mg-, Zr- and Au-based BMG rods are

close to the designed compositions.

4-2 DSC analysis

To understand the thermal properties of the as-cast MggsCupsGdig, Zrez sNije2CuisAls
and AusAgssPds3Cuzs0Siies alloys, differential scanning calorimetry (DSC) is applied.
Figure 4.2 shows the typical DSC traces of these three as-cast alloys, scanned at a heating
rate of 40 K/min (0.66 K/s). All alloys show a distinct transition onset at T, sharp
crystallization onset at T, and large supercooled liquid region, ATy = T, — Ty, further

confirming the amorphous structure of the alloys. The value of Ty, Ty, the solidus temperature
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(Ty) and the liquidus temperature (T;) of the as-cast Mg-, Zr- and Au-based BMGs are listed

in Table 4.2 and marked by arrows in the DSC traces.

In addition, according to the DSC results, the reduced glass transition temperature Ty, (=
T,/ Ti), which is a critical parameter in determining the glass forming ability (GFA) of an
alloy, 1s 0.570, 0.549 and 0.619 for the as-cast Mg-, Zr- and Au-based BMGs, respectively.
Other GFA parameters such as y = T/ (Ty + Ti) and ym = (2T«-T,)/ Ti are 0.423 and 0.757 for
the Mg-based BMG, respectively. The y and y,, values for the Zr-based BMG are 0.408 and
0.716; and for the Au-based BMG are 0.430 and 0.774. All of these results suggest that the
Mg-, Zr- and Au-based BMGs have good glass forming ability, and these results are also

summarized in Table 4.2.

Among the three different BMGs, the Au-based BMG shows a higher glass forming
index (y=0.430 and y,, = 0.774) and better amorphous thermal property. It is indicated that
the composition of AusgAgs sPd, 3Cuy69Sii63 appears to be the optimum composition for glass

forming ability or superplastic formability.

4-3 TEM analysis

TEM micrographs are taken to understand the local structure of the as-cast
MggsCursGdio, Zrss sNije2CuisAls and AusgAgs sPd; 3Cuye9Siie s amorphous alloys. A bright
field image of the Mg-based BMG is shown in Figure 4.3. The selected area diffraction
pattern taken from the same region exhibits a halo pattern, as inserted in Figure 4.3. It is well
known that the diffuse halo is characteristic of an amorphous material. Thus, according to this
TEM result, the Mg-based BMG reveals the fully amorphous structure and no visible

nanocrystals.
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For the Zr-based BMG, the two different regions can be observed by TEM. One is phase
separation region, as shown in Figure 4.4(a); the other is glassy matrix region, as shown in
Figure 4.4(b). Their corresponding diffraction patterns are inserted in Figures 4.4(a) and (b),
respectively. The microstructure of the phase separation region is further characterized by
TEM, as shown in Figure 4.5. From this diagram, the phase separation is visible in some
regions, one with dark contrast and the other with bright contrast. The selected area
diffraction pattern taken from the dark and bright domains shows the diffuse halo nature, as
inserted in Figure 4.5(b). Figure 4.5(c) displays the high resolution electron-microscopy
(HREM) image taken from the interface of the two glassy phases denoted by dotted circle in
Figure 4.5(b). This result further indicates that the two glassy phases combine perfectly due

to no sharp lattice-fringe boundary.

From the TEM observations, all of these results suggest that the Zr-based BMG exhibits
two-glassy-phase separation. However, it is worth noting that the phase separation seems to
happen only in partial regions, not everywhere. There are still some glassy matrix shows no
phase separation exhibiting a single bright contrast and diffuse halo pattern, as shown in
Figure 4.4(b). Furthermore, based on the computational-thermodynamics approach, these
separated liquid phases can be frozen successfully into the separated glassy phases by using

the copper mold suction casting with the rapid cooling rate.

For the Au-based BMG, the bright field image and selected area diffraction pattern are
shown in Figure 4.6. The TEM evidence demonstrates the Au-based BMG is an amorphous
structure and no obvious crystalline structure, in reasonable agreement with the previous

XRD results.
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4-4  Microcompression test

The appearances of FIB machined pillars before microcompression test are shown in
Figure 4.7 and Figure 4.8 for the Mg- and Zr-based BMGs, respectively. The
microcompression pillar samples have an approximate aspect ratio (height/diameter) of 2-3,
following the recommendation provided by finite element modeling [136]. Due to the
convergence angle of the ion beam, these pillars are slightly tapered, and the taper angle from

the top to the bottom is ~2.5°.

4-4-1 Results for MgegsCuzsGdig

Two kinds of pillars with diameters of 3.8 and 1 um are prepared by using the FIB
milling, and the microscale mechanical properties of the Mg-based BMG are conducted with
microcompression test at strain rates ranging from 1 x 10* to 1 x 107 s'. The
load-displacement curves are shown in Figure 4.9. It should be pointed out that the
load-displacement data can readily convert into the stress-strain curve under the assumption
that the sample is uniformly deformed. However, in this study, the Mg-BMG pillar samples
are inhomogeneously deformed by localized shear bands. Thus, we choose to show the

load-displacement curves for the discussion.

According to Figure 4.9, yield strength is determined from the departure of the linearity
of the early portion of the load-displacement curve. Since the sample is tapered, yielding will
start from the top of the sample which is the location with the minimum cross section. Then,
the yield strength can be obtained from the departure load divided by the top area. These data

are summarized in Table 4.3.
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The yield strengths of the 3.8 and 1 um Mg-based BMG pillars range from 1342 to 1580
MPa, which are much higher than that of the bulk MgesCu,sGd; samples, which is about 800
MPa [158]. The result of improved strength caused by a decrease in sample size is consistent
with a previous study on millimeter-scaled BMG [34]. Also noted in Table 4.3 is the fact that
the average strength of the 1 pum pillar (~1490 MPa) is higher than that of the 3.8 pum pillar
(~1363 MPa). This demonstrates that the sample size effect can extend from the millimeter to
micrometer range. The improved strength is a natural consequence of decreasing defect
population which reduces the probability of shear band initiation in smaller samples. The
improvement of strength from millimeter-scaled sample to micrometer-scaled pillar is
increased about 60~100%, which is quite remarkable. However, this increment of strength in
metallic glass alloys is still not as remarkable as that in polycrystalline metals. For example, a
1 pm-diameter NizAl sample exhibits yield strength of 1750 MPa, whereas a bulk Ni;Al
sample yields at about 200 MPa [29]. Similar trend can be found in gold samples as well
[137]. This remarkable sample size effect in polycrystalline metals is a result of dislocation

starvation in the micro-sized sample.

As shown in Figure 4.9, after yielding, the load remains essentially constant at different
strain rates. The corresponding engineering stress-strain curves have a similar shape, as
shown in Figure 4.10. This particular shape of stress-strain curve usually, according to the
conventional wisdom, leads to a conclusion that bulk metallic glass behaves like a perfectly
plastic material. However, the raw displacement-time data, as given in Figure 4.11, seem to
reveal a different message. Specifically, data in Figure 4.11 indicate the displacement (or
strain) takes place almost instantly. In other words, strain does not occur in a gradual fashion
but in the form of burst, even though the tests are conducted under strain rate control
conditions. The every strain burst event, regardless of the strain rate, proceeds within about

one second, suggesting the strain rate during these bursts was at least 10" s™'. Thus, this
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phenomenon is called “strain burst”. There is also a notable trend that, for both pillar samples,
a faster compression rate results in a larger strain burst. The instant strain burst is peculiar but

is usually indicative of a sudden propagation of a localized shear band.

From the morphology of deformed pillar samples considerations, as shown in Figure
4.12, it is worthy to note that these pillars did not appear the catastrophic fracture after
straining. Generally, bulk Mg-based BMGs often fracture into pieces immediately upon the
stress approaching the yield point. Since the Mg-based BMGs possess a low Poisson’s ratio
~0.32, the sample would easily dilate near the crack tip, resulting in the brittle properties
[159]. However, for pillar deforming body, the pillars usually exhibit the plastic strain of
10~15% without fracture because the shear offset achievable in even one single shear band

may already result in large strains before failure.

According to the SEM observation, shear band is anticipated to initiate from the corner
of contact between sample and compression punch. This is where the sample experiences the
maximum stress, not only because it is the minimum cross section as a result of sample taper,
but also due to the large constraint caused by the friction between the test sample and punch
tip. Indeed, it is clearly shown in Figure 4.12, in which all pillars are observed to deform by
the shear mode after yielding. Furthermore, it is also noted that there are very limited
numbers of shear bands in these micropillar samples, especially in the 1 um pillar sample. In
fact, at the slowest strain rate of 1 x 10? s, only one shear band is present. This can be

presumed that 1 pum is close to the scale limit of shear band spacing.

4-4-2 Results for Zrgz gNiig 2CuisAls

In the above-mentioned study on the brittle Mg-based BMG micropillars, they exhibit
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very few shear bands. Especially in the 1 um pillar sample, only one single shear band is
present at a low strain rate. However, for the much more ductile phase-separated Zr-based
BMG micropillars, there are more than one single shear bands in the 1 pm pillar sample.
Thus, the smaller pillar samples (700 nm) need to be investigated further the shear banding

behavior of much more ductile phase-separated Zr-based BMG pillar samples.

In this study, three kinds of pillars with diameters of 3.8 um, 1 pm and 700 nm are
prepared by using the FIB milling, and the microscale mechanical properties of the Zr-based
BMG are conducted with microcompression test at strain rates ranging from 1 x 10 to 1 x
107 s, Besides, in order to exhibit sample size effect, we choose to show the engineering

stress-strain curve for the discussion, as shown in Figure 4.13.

Despite the fact that the Zr-based BMG micropillars are also inhomogeneously
deformed by localized shear bands, it is evident that the strength of these micropillars is a
function of sample size. If we take the first strain burst as the onset of plasticity and assign it
as the yield strength of the micropillar, the trend of increasing strength with decreasing
sample size becomes apparent. For example, at the intermediate strain rate of 1 x 10 s, the
yield strengths of the 3.8 , 1 , and 0.7 um pillars are 2088, 2496, and 2972 MPa, respectively.
These values are all higher than the 160050 MPa for the 2 mm Zrg; gNij62Cu;sAls bulk
compression samples [151]. These data are listed in Table 4.4. The highest yield strength
recorded for the Zr-based micropillar is about 3000 MPa, which is more than 1.8 times of the

bulk form.

It is worthy to note that strain bursts in the ductile Zr-based BMG micropillars are
multiple and appear to proceed in a progressive fashion, in contrast to that in the brittle

Mg-based BMG micropillars which usually exhibit only single strain burst. The increment of
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the load or the transformed engineering stress in each step varies from 100 to 500 MPa,
which cannot be negligible. It seems to be a blocking resistance for the propagating shear

band, and to induce the initiation of the next shear band operative at a higher load or stress.

The morphologies of representative micropillars after the compression are shown in
Figures 4.14-4.16. The deformation mode of these micropillars is invariably the localized
shear banding, independent of the sample size. The first shear band is initiated from the
corner of the contact surface between the sample and compression indenter punch, where the
sample has the least cross-sectional area and thus experiences the maximum stress. With
increasing straining, more shear bands are triggered continually. From Figures 4.14-4.16, we
can observe that sample shear-off does not occur immediately. This phenomenon is also

reflected in the engineering stress-strain curves presented in Figures 4.13.

A close examination of Figures 4.14-4.16 shows that the number of shear bands in the
ductile Zr-based BMG micropillars (mostly 3 to 6) is much higher than that previously
observed in the brittle Mg-based BMG micropillars (mostly 1 to 3). There appears to be a
one-to-one correspondence between the number of shear bands (Figures 4.14-4.16) and the
number of stress jumps (Figure 4.13), suggesting each stress jump is a result of the emission
of a new shear band. Note also that the number of shear bands (Figures 4.14-4.16), as well as
the number of strain bursts (Figure 4.13), appears to reduce with decreasing pillar size and
decreasing strain rate. In fact, for the smallest 700 nm Zr-based BMG pillars deformed at the
strain rate of 1x10™ s, there is only one displacement burst, resembling the observation in a

brittle Mg-based BMG micropillar.

4-4-3 TEM analysis of the microstructure in pillar sample
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In order to be able to observe the microstructure of micropillar, the TEM samples need
to be fabricated by FIB with a trenching and liftout technique [154-156]. The TEM sample
preparation procedure is shown in Figure 4.17. Figure 4.17(a) shows the 1 pum pillar sample
of the Zr-based BMG before microcompression test. First, in order to provide a support and
to protect the pillar sample, carbon is deposited around the pillar using electron beam induced
deposition followed by ion beam induced deposition, as shown in Figure 4.17(b). Next, in
Figure 4.17(c), an energetic Ga ion beam is used to cut the trenches on the sample surface.
Then, the TEM sample can be further thinned by using the Ga ion beam with lower voltage

and current, as shown in Figure 4.17(d).

The bright field TEM image of a lamella prepared from the undeformed micropillar is
shown in Figure 4.18(a). The selected area diffraction pattern and the high resolution
electron-microscopy image are also shown in Figures 4.18(b) and (c). In this study, no
crystalline structure is visible in the TEM image, and the corresponding diffraction pattern
always show a typical halo for an amorphous structure, in good agreement with the XRD
results. The HREM image also displays that alloy is an amorphous structure and no obvious

crystalline structure.

On the other hand, the TEM sample of the deformed pillar can also be prepared by FIB.
The results of the deformed 1 um Zr-based BMG pillar are shown in Figure 4.19. Figure
4.19(a) demonstrates the appearance of 1 um Zr-based BMG pillar after the compression. The
bright field TEM image, diffraction pattern and HREM image of the deformed pillar are
shown in Figures 4.19(b)-(d), respectively. From the TEM observations, the deformed
Zr-based BMG pillar is also an amorphous structure and crystallization is never induced even

after deformation.
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Besides, according to Figure 4.19(b), it is particularly noted that the shear fracture angle
between the shear band plan and loading axis of the pillar sample is about 42° in the current
study. This angle is similar to that reported in the literature for compression of a various
BMG systems [82, 160-162]. The results suggest that the fracture behavior is very similar in

the BMG bulk and pillar samples.

For Mg-based BMG, a bright field TEM image and diffraction pattern of the deformed
pillar are shown in Figure 4.20(b) and (c), respectively. For clarity, the SEM image of the
deformed Mg-based BMG pillar is shown in Figure 4.20(a). According to TEM observations,
the deformed Mg-based BMG pillar is an amorphous structure and no obvious crystalline
structure. In addition, the shear fracture angle of the deformed Mg-based BMG pillar is close
to 43°, as demonstrated in Figure 4.20(b). All results are similar to those observed in the

deformed Zr-based BMG pillar.

4-5 High temperature microcompression test

Two kinds of pillars of the Au-based BMG with diameters of 3.8 and 1 um are prepared
by using the FIB milling. The morphologies of typical pillar samples before high temperature
microcompression test are shown in Figure 4.21. The aspect ratio of Au-based BMG pillar
sample is about 2-3; the taper angle from the top to the bottom is about 2.5°. The Au-based
BMG is chosen as model material because of its low glass transition temperature and
excellent resistance to oxidation at high temperatures. In addition, two kinds of indentation
system, MTS Nanoindenter XP and Hysitron Triboindenter, are used to analyze the

mechanical behavior of the Au-based BMG pillar samples.

4-5-1 Results for AusgAgssPd; 3Cuzs 9Sise 3 using MTS Nanoindenter
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To measure the relationship between sample size, temperature and strain rate for
micron-sized amorphous alloys, high temperature microcompression tests are conducted by
means of MTS nanoindenter XP system equipped with a heating stage. In this section, the 1
pum Au-based BMG pillar samples are tested at different temperatures (room temperature, 343,
373, 383, 393, 403 and 408 K) with a nominal strain rate of 1 x 102 s, Note the glass

transition temperature of this BMG is about 400 K.

The load-displacement and time-displacement curves for these tests at different
temperatures are shown in Figure 4.22 and Figure 4.23. The engineering stress-strain curves,
converted from the load-displacement data  under the  assumption of
homogeneous-deformation, are also plotted in Figure 4.24. Table 4.4 summarizes the entire
measured flow stress and deformation mode of the 1 um Au-based BMG pillar samples at

different temperatures.

It is noted that, from room temperature to 393 K, the deformation behavior of the 1 um
Au-based BMG pillar samples is manifested as the strain burst, as shown in Figure 4.22 and
4.23. The strain burst phenomonon is believed to be caused by a localized shear band
emission, which is further confirmed by the SEM image in Figure 4.25. From the
photographs of the deformed samples, the pillar samples revealed the major shear bands in
upper region of the pillars, as shown in Figure 4.25. That is to say, from room temperature to

393 K, the localized shear banding is the dominat deformation mode.

However, the deformation behavior of the Au-based BMG pillar samples at 403 and 408
K is a continuous and steady flow stress in contrast to those strain burst events, indicating

that a change of the dominant deformation mode. The morphologies of the Au-based BMG
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pillar samples after the compression at 403 and 408 K are shown in Figure 4.26. It is evident
in the figure that they are compressed evenly, exhibiting the homogeneous deformation. In
addition, the flow stress of the pillar samples compressed at 403 and 408 K significantly
reduces to 0.5-0.6 GPa as compared with compression at room temperature, as shown Figure

4.24 and Table 4.5.

4-4-2 Results for AusAgs sPd2 3Cue 9Siae 3 using Hysitron Triboindenter

According to the aforementioned results, one can know that the
inhomogeneous-to-homogeneous transition of the Au-based BMG will take place near the
glass transition temperature (T ~ 400 K). In the following section, in order to analyze further
the homogeneous deformation behavior, high temperature microcompression tests are
performed on the 3.8 um Au-based BMG pillar samples with a Hysitron Triboindenter

system.

Microcompression tests are performed on four pillar samples at two temperatures and
different strain rates, as listed in Table 4.6. The load-displacement curves for constant strain
rate and strain rate change tests are plotted in Figure 4.27 (a) and (b), respectively. The SEM
images of a typical Au based BMG npillar sample before and after high temperature
microcompression test are shown in Figure 4.28. The deformation is homogeneous without
any localized shear bands as shown in Figure 4.28. The top surface of the compressed pillar is
smooth, which means the flat punch is in good shape and the AFM mode located the pillar

sample very well.

For easy discussion of mechanical analysis, the compressive displacement (AL) recorded

from load-displacement curves, as well as the time duration (¢) and measured drift rate are all
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listed in Table 4.7. The sample heights before (H;) and after (H>) each test are also measured
from scanning electron microscopy (SEM) images and listed in Table 4.7 for a direct
comparison. It is noted in the table that AH (=H,— H,) is close to AL in all pillar samples,
indicating that the strain contribution from the base of the pillar is insignificant. This is in
contrast to the deformation of a pillar at room temperature which often shows significant
strain contribution from the pillar base [163]. The difference is caused by the fact that
metallic glasses have a high strain rate sensitivity value (m) at temperatures near the
supercooled region. Thus, the pillar sample is preferentially deformed. It is also noted in
Table 4.7 that the difference in the length change measured from SEM image and
load-displacement curve [i.e., (AH-AL)] is comparable to the displacement error cause by
thermal drift. This suggests that the strain measurement obtained directly from Hysitron

Triboindenter is reliable.

Since the pillar sample is homogeneously deformed, the load-displacement data are
readily converted into true stress-strain curves in Figure 4.29. As shown in the figure, the
strength of the pillars is noted to increase with strain rate and decrease with temperature, and
it is consistent with the results previously reported for high temperature nanoindentation on
the same alloy [127]. However, in contrast to the stress overshoot often observed in
millimeter-size metallic glass samples deformed in the supercooled liquid region at high
strain rates [103-107], stress overshoot is absent in the compression of the current microscale
Au-based BMG pillars. The absence of stress overshoot may be associated with the fact that
strain rate is too low, thus free volume annihilation occurs too fast, or the response of the
indenter is too slow to capture the strain rate change. There is also a possibility of the sample

size, thus shear band length, effect.

4-6 Nanoindentation and nanoscratch test
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4-6-1 Elastic modulus and hardness

The nanoindentation test is now commonly used for the study of mechanical properties
of materials on the nanoscale. To assess the nano-mechanical properties of amorphous alloys,
we selected the brittle-natured MggsCu,sGd;o, moderate brittle AugoAgs sPd, 3Cux69S1163 and
ductile phase-separated Zre; sNij62CujsAls amorphous alloys. The typical load-depth (P-h)
curves of the Mg-, Au- and Zr-based BMGs under a strain rate of 5 x 10 s are plotted in
Figure 4.30. The load-depth curves at room temperature are characterized by a series of
discontinuous pop-in displacement bursts, which are similar to what are observed previously
in other BMGs [111-117]. It is evident that the Zr-based BMG is harder than the Mg- and
Au-based BMG, as revealed by the fact that a higher load is required to indent the Zr-based
BMG to the same depth. The measured elastic modulus and hardness of the three different
BMGs are listed in Table 4.8. These values are slightly higher than those obtained by the

conventional measurement because of the size effect in measurement area [ 164, 165].

4-6-2 Abrasive wear behavior

It is well known that wear is an important failure mode in various applications. Wear
characteristic, such as wear resistance, is often an important second property. Therefore, it is
necessary to clarify the wear behavior in BMGs. In this study, the Mg-, Au- and Zr-based

BMGs are investigated in detail using nanoscratch testing.

The typical scratch depth profiles of the three different BMGs are shown in Figure
4.31(a). The scratch depths for the Mg-, Au- and Zr-based BMGs are about 367, 316 and 250

nm, respectively. The cross-sectional profiles for the three BMGs are measured by a surface
64



scan under a very small load (100 uN) at the halfway point of scratch distance, as shown in
Figure 4.31(b). Plane-view morphologies of the worn scratch tracks for the Mg-, Au- and
Zr-based BMGs are shown in Figures 4.32 to 4.34, respectively. The total volume of material
removed during the scratch test can be qualitatively measured by the scratch depth and
cross-section profile because of the fixed Berkovich indenter geometry. Then, according to
the Archard wear equation [166] and the modified Archard wear equation [167, 168], the
wear coefficient K and wear resistance Ry of the three different BMGs can be calculated. The

Archard wear equation can be expressed as

SN
VW =K7, (4-1)

where Vyy is the total volume of material removed by the wear, K is the wear coefficient, S is
the total sliding distance, N is the normal load, and H is the material hardness. The wear
coefficient K is also one of the wear properties. For the ease of engineering applications, the

Archard wear equation can be modified as

R, =—, (4-2)
where Ry 1s the wear resistance and it has the unit of Pa. Thus, in the current nanoscratch test,
inserting proper value for each variable into Eq. (4-1) and Eq. (4-2), the average wear

resistances of the three BMGs are calculated to be 0.97 x 10", 2.17 x 10" and 4.17 x 10" Pa,

respectively, as included in Table 4.8.
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Chapter 5 Discussions

5-1 Room temperature microcompression test

As described in the previous section, microcompression tests on the Mg- and Zr-based
BMG pillar samples have shown an obvious sample size effect, with the yield strength
increasing with decreasing sample diameter. However, some scientists argued or considered
that sample size effect may be attributed to several possible reasons [140, 169, 170], such as
the effect of pillar taper and instrumental or methodological artifact. Thus, firstly, we need to
check the accuracy of the results obtained from the microcompression test. The effects of
pillar taper and FIB damage will be discussed in the following section. In addition, the
Weibull statistics has been used to support the observation that the compressive stress
increases with decreasing sample size. Subsequently, strain burst phenomena and speeds are

also discussed in the following section.

5-1-1 Evolution of Young's modulus

According to the literature [136], one can know that Young's modulus, E, is quite
sensitive to the sample misalignment. Thus, any measured property that correlates with E is
likely to be influenced by misalignment. In our study, one could imagine that misalignment
will cause bending that would affect the initiation of the shear band. In order to check the

accuracy of the yield strength, it is very important to evaluate the Young's modulus.

In this study, the effect of the pillar taper and the base compliance need to be considered

for evaluation of the Young’s modulus. First, since the test sample is uniformly tapered pillar,

66



as illustrated in Figure 5.1, the total measured displacement, 4h, is
b =" Au(x)d 5-1
_ZL u(x)dx , (5-1)
where 4, is the height of the pillar, Au(x)is the local displacement. In the elastic range, with

o=FE¢, o(x)=P/A(x) and &x)= Ah(x)/h,, where P and A are instantaneous load and sample

cross section area, respectively, the Eq. (5-1) is deduced to

M =" e dx = (5-2)

hy P
f - dx,
0 7(d,+xsin@) E

where d, is the radius of the pillar, and &= 2.5° is the taper angle. As sin & ~ @, the equation

leads to
P d 20h
Ah = 2)n(1 + 2). 5-3
(zEdf)(zé?) ( i ) (5-3)
Therefore,
ln(1+20h”)
). (5-4)

E=C0" 20

Substitute d, = 0.5 um and 4, = 2.5 pm (for the 1 um pillar sample), one has
E=2 64x1012(£) (5-5)
' Ab

where P and 4k are in the units of Newton and meter, respectively. Thus, for the 1 pm
MggsCu,sGd, pillars, the elastic modulus is the slope of load-displacement curve multiplied

by a constant of 2.64x10'2, which is about 41 GPa.

In our study, the effect of the base compliance also needs to be considered in the
Mg-BMG. According to a finite element analysis of micro-compression [136], the actual

Young’s modulus should be corrected by a factor of about 1.25. After correcting, the value of
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Young’s modulus is 51.3 GPa, which is in excellent agreement with the literature value of

50.6 GPa measured from the bulk Mg-BMG sample [10].

In the same way, the Young’s modulus of Zre; sNi;62Cu;sAls micropillars varies around
78+6 GPa, which is same as the data reported in literature for Zr-Ni-Cu-Al BMGs (~80 GPa)
[28]. Therefore, the corrected results of the Young’s modulus indirectly indicate that the

misalignment artifact on the yield strength measurement is minimized in this study.

5-1-2 Effect of FIB damage

The significant increase in the strength of the pillar samples might arise debate on the
origins. There have been discussions on the possible causes for the observed stress increment
[30, 137]. One of them is the taper shape, and the other is the strengthening artifact caused by
the FIB damaged layers. The former cause has been discussed and ruled out in the previous
section. Here, we examine the effect of FIB damage, in particular the lateral thickness of the

damage layers on the micropillar samples caused by FIB machining.

Bei et al. [169] have examined the hardening of the FIB-milled Mo single crystal caused
by using various FIB beam voltage (5-30 kV), current (1.4-7 nA) and time (7.8-39 min). The
acceleration voltage determines the depth of Ga ion penetration and the current and time
determine the degree of damage in the damage zone. From the results of Bei et al., as long as
the beam energy, or voltage times current, is lower than 30 kVenA, the hardness increment is
less than 25%. In the current study, a FIB beam voltage of 30 kV is used, but coupled with a
lower beam current, from the initial current 12 nA for rough beam milling for make the outer

crater, progressively lowered to 0.7 nA for milling the pillar, and finally to 0.09 nA in the
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final trimming step. For the later critical stage, the beam energy is limited within 3 kVenA,
well below the threshold value. Also noted is the fact that FIB used for the later stage
trimming of our samples is directed parallel to the pillar side wall. Therefore, the FIB ion
dose damage is expected to be even lower than the case of when the beam is bombarded

perpendicular to the sample flat surface.

To evaluate the FIB damage, Auger electron spectroscopy (AES, JEOL, JAMP-9500F)
is employed for estimating the thickness of the FIB damaged layer in the Zr-based BMG
micropillar with a diameter of 3.8 um. The Auger depth profile is shown in Figure 5.2. Ga
signal levels off (the baseline intensity) at a depth of approximately 4 nm, indicating the
thickness of FIB damaged layer is about 3-4 nm. This value is much lower than the damage
thickness of 10 to 50 nm reported in crystalline Si [171, 172]. Based on the current result, the
contribution of the damage layer to the strength of a 700 nm-diameter micropillar is estimated

to be only 3%, which is considered to be insignificant.
5-1-3  Weibull statistics
It is well know that, for brittle materials, the variability of strength is expected based on

their flaw sensitivity and could be analyzed using the Weibull Statistics [173]. The Weibull

equation describes the fracture probability Py for a given uniaxial stress o,

P, =1- exp{— V(G — ] } (5-5)
A -

where o, is a scaling parameter (or characteristic strength), m is the Weibull modulus, and V'

is the volume of the tested sample. Besides, o, is often taken to be approximately the mean

strength. The parameter o is the stress below which the probability of failure is zero. If we
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assume that any stress will cause failure in a brittle material, then we can take o, to be zero.

The Weibull modulus is a measure of the variability of the strength of the material; a
higher m value denotes a narrow distribution of fracture stresses and higher reliability. The
Weibull modulus can theoretically range from 0 to . In general, the Weibull moduli for
ductile crystalline metals and for brittle engineering ceramic materials are typically on the

order of ~100 and ~5 [174], respectively.

In this study, in order to simplify the Weibull equation, we assume that the millimeter
and micron samples have a constant fracture probability. Then, at a fixed fracture probability,

i.e., Pr=constant, the above equation could be reduced to

\% (i)m = constant. (5-6)

Oo
Since V oc d’, where d is the diameter of the compression sample, it can be obtained
d3c™ = constant. (5-7)

Using data listed in Table 4.3 and 4.4, the relationship between strength and sample size is
plotted in Figure 5.3. The Weibull modulus is calculated to be around 35 and 60 for
MggsCu,sGdig and Zrgs sNije2CuysAls, respectively. It is also within the range of the m values
recently reported for the malleable ZrssCuysAl; (m=73.4) and brittle (ZrssCussAly)ogY2
(m=25.5) [175] and for MgecZn3oCas (m=41) and Mg7,Zn,sCay (m=26) [176]. Therefore, an
increase in strength with decreasing sample size appears to be a result of reducing the

population of critical flaw in test samples.

Finally, it is noteworthy that the difference of m-value between the nominally ductile

Zr-based BMG and brittle Mg-based BMG. In this study, the m-value of the phase-separated
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ductile Zr-based BMG is higher than the brittle Mg-based ones, which is also consistent with

the general trend for the Weibull modulus.

5-1-4 Sample size and strain rate effect

Based on Table 4.3 and 4.4, it is noted that the Mg- and Zr-based BMGs show a
pronounced sample size effect on strength. For Mg-based BMG, the yield strength of the
micropillars shows a 60-100% increase as compared to those of their bulk sample; for
Zr-based BMG, the yield strength of the micropillars shows a 25-86% increase over that of
the bulk samples. It is worthy to mention that the yield strength of the Mg-based BMG pillars
almost approaches G/12, where G is the shear modulus of 19.3 GPa. The similar trend is also
observed in the Zr-based BMG pillars. Although there is no exiting theory to predict the
theoretical strength of amorphous alloys, it is of interest to note that G/(10-12) is also

coincident with the predicted value for polycrystalline metals [177, 178].

Another interesting point is that the different degree of increase of yield strength can be
found in the Mg- and Zr-based BMGs. To take a simple example, for 3.8 um pillar sample,
the yield strength of the Mg- and Zr-based BMGs exhibits 73% and 30% increase when
compared with bulk counterparts. Presumably, the degree of increase of yield strength is
relative to the quality of cast sample. Thus, the BMG sample surface is examined afterward

in order to determine the quality of cast sample.

First of all, after polishing, the Mg- and Zr-based BMGs both exhibit a perfect mirror
surface. That is, no hole or pore can be observed on the Mg- and Zr-based BMG sample
surfaces. However, after FIB milling, the Mg-based BMG sample surface has more holes

than the Zr-based BMG, as shown in Figure 5.4. The observed hole diameter of the Mg-based
71



BMG sample surface is about 1-10 um. It is believed to result from the different Ga etching
rate since Ga etching rate is significantly affected with the different composition distribution

or exhibiting narrow pore.

Thus, the different degree of increase of yield strength on BMGs is likely to be
responsible for the quality of cast sample. That is to say, different qualities of BMGs may
possess a different degree of increase in yield strength. For the Pd4Nis P20 BMG, Schuster et
al. [141] demonstrated only 9% increase in the yield strength as the size is reduced from the
bulk samples to the 2 um pillar samples. This might support that their Pd-based BMG has
much less cast defects or holes, thus the stress increment of micro-sized pillars would be

much smaller.

In addition, it is particularly noted that there are very limited number of shear bands in
the 1 um Mg-based BMG pillar samples, as shown in Figure 4.12. The results indicate that 1
pum is close to a critical spacing of a shear band for the Mg-based BMG. However, there are
one or two shear bands observed in the 700 nm Zr-based BMG pillar samples, Figures
4.14-4.16. That is to say, the different shear band spacing might be present in the Mg- and
Zr-based BMG pillar samples. The current results suggest that different BMG compositions

might have different critical spacings for the formation of shear band.

Furthermore, if the sample size is further decreased, we believe there is another sample
size effect on deformation mechanism of BMG, as illustrated in Figure 5.5. When the shear
band spacing is greater than the dimension of the test sample, homogeneous deformation
would dominate. Thus, the Zr-based BMG pillar samples with diameter ranging from 3.8 pm
to 300 nm are fabricated to investigate the transition from the expected shear band to

homogeneous deformation, as shown in Figure 5.6. Based on Figure 5.7, the average taper
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angle are evaluated to be 6-8° for the 300 nm pillar samples. However, due to the large taper
angle, it is difficult to compress the 300 nm Zr-based BMG pillar samples. It is because that a
flat punch tip is not good contact with the small pillars, resulting in severe buckling. The
evidence of buckling can be observed clearly in Figure 5.7(b) and (d). But, the local melting
can be found in the 300 nm deformed pillar, as show in Figure 5.7(f). The results indicate that
the pillar sample releases the energy by generation of heat not by emission of shear bands.
Thus, for the Zr-based BMG pillar, we infer that the transition from inhomogeneous
deformation (i.e. formation of shear band) to homogeneous deformation will take place when

the diameter is reduced down to about 300 nm.

For the strain rate effect, this effect on yield strength of the Mg- and Zr-based BMG
pillar samples is inconclusive. However, one can see that there is a general tendency of
having more shear bands in pillars deformed at a higher strain rate. This is clearly
demonstrated in Figures 4.12 and 4.14-4.16, although the strain rate differs by only two
orders of magnitude in the current study. According to the literature, Gao et al. [179] also

reported the similar results, a finer shear band spacing at a faster strain rate.

5-1-5 Strain burst phenomena

In the current study, the deformation of the Mg- and Zr-based BMG micropillars is
dominated by emission of shear bands in a manner of “strain burst” to release the energy,
similar to that in crystalline solids [29]. However, in contrast to that in the case of Mg-based
BMG micropillar which exhibits only one single strain burst, strain bursts in the more ductile
Zr-based BMG micropillars are multiple and they appear to proceed in a progressive fashion.
For clarity, the comparison of the microcompression engineering stress-strain curves for the

Mg- and Zr-based bulk compression samples (2 mm), and the 1 um Mg- and Zr-based pillar
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samples are plotted in Figure 5.8.

The SEM observations for the deformed Mg- and Zr-based bulk samples are shown in
Figure 5.9. For the Mg-based bulk compression samples, the bulk Mg-based BMGs generally
fracture into fragments at the onset of yielding. Nevertheless, for the Zr-based bulk samples,
multiple shear bands along various orientations is overwhelming and the engineering
stress-strain curve shows extended ductility, which is compared in Figure 5.8. The deformed

1 um Mg- and Zr-based pillar samples are shown in Figures 4.12 and 4.14, respectively.

For pillar samples, based on the SEM observation and compression test results, it is
noted that the number of strain bursts (or shear bands) of the Zr-based BMG micropillars is
much higher than those observed in the Mg-based BMG micropillars. Since all micropillars
have a similar geometry, i.e. similar aspect ratio and taper angle, the increase in the number
of strain bursts (or shear bands) is indicative of intrinsic plasticity in the Zr-based BMG. The
current finding from the micropillars is consistent with that observed from the bulk samples,

namely, the Zr-based BMG is more ductile than the Mg-based BMG.

In addition, additional remarks must be made from the examination of Figures 4.12 and
4.14-4.16. First, the recorded displacement (or strain burst) comes from a sudden
macroscopic sliding which is triggered by microscopic shear band propagation in the pillar
sample, not from a uniform plastic deformation. It is, in fact, equivalent to the situation of
rigid-body sliding or bicrystal sliding [180, 181]. The measured strain should not be
interpreted as general plasticity, at least in the conventional sense, since neither the two
“crystals” deform. Furthermore, the constancy of load (or engineering stress) is not indicative
of a perfectly plastic material, or has anything to do with work hardening or softening. Rather,

it is a measure of friction of sliding between two rigid bodies. In the current study, it
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represents the self frictional force of the Mg- and Zr-based BMGs.

5-1-6 Strain burst speed

It is well known that flow serration in the millimeter-sized BMG samples is a result of
shear band propagation and when a shear band propagates there is an accompanied
displacement burst. Recently, Song et al. [182] and Chen et al. [183] performed uniaxial
compression tests on the Zr-, Mg- and Pd-based BMGs using high-sensitivity strain gauges
directly attached to test sample and analyzed flow serration during inhomogeneous
deformation. They demonstrated that shear-band propagating speed can be determined from

the displacement-time profile.

The above-mentioned studies inspire us to carry out the microcompression tests to study
the displacement burst rate of the micrometer-sized BMG pillar samples. Furthermore, in
compressed micrometer-sized BMGs, localized shear is always revealed as the dominant
deformation mode, and strain burst phenomena are observed in all microcompression tests.
Based on the previous sections, the strain burst phenomenon is usually indicative of a sudden
propagation of a localized shear band. Thus, it is of interest to examine the relationship
between shear band and strain burst, especially for the estimation of the strain burst speed in

pillar samples.

For microcompression tests of micropillars, the representative load-displacement and
displacement-time curves of the Mg-based BMG are shown in Figures 4.10 and 4.11,
respectively. Independent of the metallic glass system (Mg- or Zr-based BMG), micropillar
diameter (1 or 3.8 um) and compression strain rate (1x10™ to 1x107 s™), sudden strain bursts

are always seen, as the example demonstrated in Figure 4.11. Note that the more
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brittle-natured Mg-based BMG micropillars (with about 0% plastic strain for Mg based bulk
rod compression specimens [158]) wusually exhibit one strain bursts over the
microcompression process, while the much more ductile phase-separation Zr based BMG
micropillars (with about 13% plastic strain for their bulk rod compression samples [151])
show multiple strain bursts and the bursts proceed in a progressive fashion. The recorded
displacement-time information and the extracted strain burst speed data allow a detailed
analysis of the strain burst characteristics during compression. Table 5.1 summarizes all of
the calculated strain burst speeds of the Mg- and Zr-based 1 and 3.8 um pillars at different

strain rates.

By close examination of the strain burst speed data in Table 5.1, there are clear trends
showing the BMG alloy systems and the micropillar size dependences. For the 1 um pillar
samples, the strain burst speeds are scattered in the range of 747-1,551 and 110-469 nm/s for
the Mg- and Zr-based BMG micropillars, respectively. The more brittle nature of the BMG is,
the higher strain burst speed becomes. The difference can be 3-7 times. For the larger 3.8 pm
pillar samples, the strain burst speeds are appreciably higher, being 9,178-10,619 and
818-4,000 nm/s for the Mg- and Zr-based BMG micropillars, respectively. The speed trend is

the same as the 1 um pillars, and the difference can be over one order of magnitude.

While there are apparent alloy systems and the pillar size dependences, the loading
strain rate effect seems to be minor. From the Table 5.1, the strain burst speeds at a high strain
rate are only slightly higher than those at a lower strain rate. For the ductile Zr based pillars,
there is hardly any clear strain rate dependence. Note that the applied loading velocity of the
machine system for these micropillars is in the range of 0.25-95 nm/s, which are much lower

than the burst speeds.
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For comparison of the strain burst speed, it is noted that the more ductile BMG seems to
possess the lower strain burst speed, or the lower shear band propagation speed. It is thought
that the above strain burst speed might be related to the metallic glass friction coefficient.
Imagining the bicrystal sliding, the slide resistance is directly linked to the friction coefficient
between the two crystals. It is the best way to measure the “intrinsic” friction coefficient of a
BMG if we use a BMG tip to slide over the same BMG surface. Nevertheless, measuring the
coefficient using a diamond tip can provide useful relative information and the basic trend. To
demonstrate this, the nanoscratch tests are conducted on the Mg- and Zr-based BMGs. The

nanoscratch results are also included in Table 5.1.

From Table 5.1, we note that the wear characteristics of BMG exhibit a direct
relationship with the strain burst speed for the two BMGs. That is, based upon bicrystal
sliding model, the higher wear resistance is usually accompanied by the lower strain burst
speed. Thus, the trend obtained from microcompression tests can be rationalized by
nanoscratch tests. Furthermore, the current finding from micropillars is consistent with the
general trend that the more ductile BMG will show the slower shear band propagation, which

was also demonstrated in millimeter-scaled compression samples [ 183].

However, the strain burst speed of micropillars is much lower than those obtained from
compression of millimeter-scaled BMG [183]. Presumably, the flat punch tip might have lost
contact with pillar sample with a certain load when the shear band propagates. As a result of
that, the strain burst speed (or shear band speed) is only a lower limit value. To characterize
the strain burst speed, a more accurate testing machine or higher data acquisition rate is
needed. The information obtained from the current study can only be qualitative, but the

quantitatively measurement of strain burst speed needs further investigation in the future.
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5-2 High temperature microcompression test

In addition to the strong sample size dependence of the mechanical properties of BMG
micropillars, the temperature dependence of the deformation of BMG micropillars is also
investigated. Two kinds of indenter systems, MTS Nanoindenter XP and Hysitron
Triboindenter, are chosen for high temperature microcompression tests to investigate the
mechanical behavior of Au-based BMG over a wide range of test temperatures. In the
following section, the effect of temperature on elastic modulus and apparent yield strength of
the Au-based BMG pillar samples are discussed. In addition, the homogeneous flow is

subsequently analyzed using the deformation model of BMG.

5-2-1 Effect of temperature on mechanical behavior

For the 1 um Au-based BMG pillar samples, high temperature microcompression tests
are conducted at temperatures of 343, 373, 383, 393, 403 and 408 K with an initial strain rate
of 1 x 107 5. Based on the experimental data, the transition from inhomogeneous to
homogeneous flow is clearly observed near the glass transition temperature, as shown in
Figure 4.22. The term “inhomogeneous flow” as used here means the shear failure triggered
by major shear band propagation. Conversely, the term “homogeneous flow” means uniform
deformation of the pillar sample, i.e., size and shape of the cross-section of the deformed
micropillar change simultaneously everywhere along the loading axis and no shear

localization is observed.

Subsequently, in order to analyze the temperature effect on elastic modulus and yield
strength, the elastic modulus of the Au-based BMG pillar samples are evaluated using the

same method of room temperature microcompression described in section 5-1-1. The values
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of elastic modulus and apparent yield strength are plotted in Figure 5.10 with respect to
temperature. It is noted that the elastic modulus and apparent yield strength of the 1 um
Au-based pillar samples appear the severe transition at 383 K (0.95 T,), and we call this
temperature as “softening temperature” at 1 x 10 s™. As demonstrated in Figure 4.22, the
deformation of micropillars below 383 K is the same with the behavior of micropillars at
room temperature, which is the emission of shear band in the manner of strain burst.
Therefore, the deformation temperature below softening temperature, 383 K, is referred to as
the inhomogeneous deformation. The slope of yield strength and modulus versus temperature
of micropillars remain essentially unchanged or changed very little at temperature below 0.95
Ty; however, the strength and modulus of micropillars appear the steep soft at 383-403 K

(0.95- 1.0 T,).

Generally speaking, it is thought that the deformation temperature above softening
temperature will be a homogeneous deformation at a constant strain rate; however, the
morphology of deformed pillars at 393 K is still observed existence of the shear bands, as
shown in Figure 4.25(f), similar with the pillars below 383 K. As the temperature above 403
K, which is called “homogeneous temperature”, the deformed pillars are homogeneous
deformation without shear bands, as shown in Figure 4.26, and the time-displacement curve
is stable slope of 20 nm/s even if yielding, as shown in Figure 4.23. Therefore, it appeared a
transitional region between softening temperature and homogeneous temperature, the shear
bands still propagating throughout the entire pillar even if the flow stress had already shown
the softening phenomenon. As the temperature above this transitional region, this 1 pm
pillar at 1 x 107 s could fully homogeneous deformation with flow stress of 500-600 MPa
without shear bands. It is suggested that the working temperature should be raised above

400 K if this Au-based BMG would be applied the micro-forming.
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5-2-2 Homogeneous flow

For the 3.8 um Au-based BMG pillar samples, high temperature microcompression tests
are performed at temperatures of 395.9 and 401.2 K with an nominal strain rates ranging
from 107 to 10? s”'. The true stress-strain curves of the Au-based BMG pillar samples are
shown in Figure 4.29. As shown in Figure 4.29, the existence of a steady state in stress-strain
curves is usually regarded as a dynamic equilibrium between strain induced structure disorder
(e.g., free volume creation) and structural relaxation (e.g., free volume annihilation) [103,
106, 129]. Based on experimental data, the steady-state flow stress against strain rate is
plotted in Figure 5.11 to elucidate the deformation mechanism in the current Au-based BMG
at high temperatures. At low strain rates, the strain rate sensitivity (m) is about 0.87, which is
close to that for a Newtonian flow (m=1) but gradually changes to non-Newtonian at high
strain rates. This Newtonian to non-Newtonian transition is also observed previously in
several other BMG systems [100, 102]. In addition, this transition from Newtonian to

non-Newtonian flow is also observed in the curves of strain rate dependence of the viscosity,

as shown in Figure 5.12. The viscosity is calculated from the flow stress by 7=0y,,/3¢ in

which oy, 1s the flow stress and ¢ is strain rate.

Based upon the free volume and STZ model, the strain rate during homogeneous

deformation of BMG can be described by [31, 119]

AF . oV . oV
g =ag,v, exp(——)sinh(——=——) = &, sinh(————), 5-1

where &, =agV, exp(—AF/kT) is a temperature-dependent rate constant, o is the steady

state fraction of matter capable of undergoing shear transformations, v is the normal mode

frequency of the flow unit along the activation path, agyv~10" s™ [119], kT has its usual
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meaning, and V' is the activation volume (V=vy&, in which vy is the volume of a flow unit or
STZ which undergoes a strain & (~0.125 during deformation [31, 119]). The stress versus

strain rate data in Figure 5.11 can be fitted by Eq. (5-1) and plotted as solid lines at the two

given temperatures. The fitting parameters, &;, V, and vy, are listed in Table 5.2.

The activation volume ¥ is about 55-62 A’ which has a similar magnitude as reported in
other BMGs (60 A* for a Zr-BMG [105], 105 A® for a Pd-BMG [119]). The volume of the
basic flow unit (STZ) v in this Au-BMG is then estimated to be 440-496 A’. Since the
present Au-BMG has a density of 13.72 g/cm’ and an atomic weight of 126.5 g/mol, the
average atomic volume equals 15.3 A’. Therefore, a STZ in the current Au-based BMG
contains about N=29-32 atoms. This value is similar to that calculated in a Pd-BMG [119].
Argon pointed out that STZ is in a disk shape during inhomogeneous deformation but is more
reasonably in spherical shape during homogeneous deformation [119]. Assuming a spherical
shape, the radius of the sphere would be about 5 A which is particularly noted to be similar to
the radius where the second peak occurs in the pair distribution functions (PDF) or radial
distribution functions (RDF) in an amorphous Au-Si alloy (~5 A) and that in other BMGs
(4-6 A) [184]. Since the peaks in PDF indicate the density fluctuation, or multi-range order in
glass, with the first one being the distance between two neighbor atoms, and the second peak
being the smallest range order (e.g., STZ), the present result is consistent with the PDF

measurements.

According to Argon’s model, the Helmholz free energy barrier or the activation energy,

AF, in Eq. (5-1) can be calculated by

I 7=5v 20+v)) 17T ]
ar _|:(30(1—V)+ 9(1—1/)ng "2 J”V’ -2
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where 1=0.406 is the Poisson’s ratio for Au-BMG [18], 7 is the ideal shear resistance, u is

the shear modulus (26.45 GPa for Au-based BMG [18]), and 7/u=~0.03 [119]. Thus, the
activation energy is theoretically estimated from Eq. (5-2) to be 99-120 kJ/mol. Using the

fitted data in Table 5.2, we can also experimentally estimate the Helmholz free energy barrier
for viscous flow from the pre-hyperbolic sine term &, = ag, v, exp(—AF /kT). 1t is about

103-104 kJ/mol, which agrees remarkably with the theoretical prediction.
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Chapter 6 Conclusions

Microcompression tests are conducted on a typical of brittle Mg-based BMG and a
ductile phase-separated Zr-based BMG. In addition, the stress-strain behavior of an Au-based
BMG is investigated experimentally over a wide range of temperatures. The following

conclusions are drawn from this study.

(1) Micropillar with diameters of 3.8, 1 and 0.7 um are fabricated successfully from the
Mg- and Zr-based BMGs using focus ion beam, and then tested in microcompression

at room temperature and strain rates from 1 x 10*to 1 x 102 5™,

(2) For the Mg-based BMGs, the strength of the micropillars is 1342 to 1580 MPa, an
increase of 60-100% as compared to ~800 MPa for the bulk sample; for Zr-based
BMGs, the apparent yield strength of the micropillars is 1992 to 2972 MPa, which

shows a 25-86% increase over that of the bulk samples (~1600 MPa).

(3) For the Mg- and Zr-based BMGs, at all sizes, the plastic flow is localized in shear
bands and manifested as strain bursts to release the energy. According to the
morphology of deformed pillars, there are more shear bands in the Zr-based BMGs
as compared to that in Mg-based BMGs, consistent with the fact that the Zr-based

BMGs are more ductile than the Mg-based BMGs.

(4) The strength increase can be rationalized by the Weibull statistics for brittle
materials, and the Weibull moduli of the Mg- and Zr- based BMGs are estimated to

be about 35 and 60, respectively. The higher Weibull modulus of the Zr-based BMG
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is consistent with the more ductile nature of this system.

(5) According to the TEM results of pillar, all of these results demonstrate that alloy is
an amorphous structure and no obvious crystalline structure before and after

compression.

(6) Strain burst phenomena are observed in all microcompression tests as indications of
localized shearing. The strain burst speed of micropillars can be measured using the
raw displacement-time data. The results indicated that the strain burst speed of the
metallic glass increases with increasing sample size, decreasing wear resistance, and

decreasing ductility.

(7) High temperature microcompression tests are performed, for the first time, to
investigate the deformation behavior of micron-sized Au-based BMG pillar samples

from room to its glass transition temperature (~400 K).

(8) A transition from inhomogeneous flow to homogeneous flow is clearly observed at
or near the glass transition temperature. Specifically, for I um Au-based BMG

pillars, the flow transition temperature is about 393 K at strain rate of 1 x 107 5™

(9) For 3.8 um Au-based BMG pillar samples, homogeneous deformation of the
Au-based BMG pillar sample is observed and no stress overshoot is detected at

395.9-401.2 K. The strain rate sensitivity was about 0.87 at a strain rate of 10~ s™".

(10) Based on the STZ model, the volume of the basic flow unit (STZ) was calculated to

be 440-496 A®, equivalent to about 30 atoms. The Helmholz free energy barrier was
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also estimated to be 99-120 kJ/mol, compared favorably with the theoretical

prediction.
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Table 1.1 Fundamental properties and application fields of bulk metallic glasses

and nanocrystalline alloys [4].

Fundamental characteristic Application field

High strength Machinery structural materials
High hardness Optical precision materials
High fracture toughness Die materials

High mmpact fracture energy Tool materials

High fatigue strength Cutting materials

High elastic energy Electrode materials

High corrosion resistance Corrosion resistant materials
High wear resistance Hydrogen storage materials
High viscous flowability Ornamental materials

High reflection ratio Composite materials

Good soft magnetism Writing appliance materials
High frequency permeability Sporting goods materials
High magnetostriction Bonding materials

Efficient electrode (chlorine gas) Soft magnetic materials

High hydrogen storage High magnetostrictive materials
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Table 2.1 Bulk metallic glasses and their published year [48].

I. Nonferrous metal base Years
Mg-Ln-M (Ln= Lanthanide metal. M = Ni. Cu or Zn) 1988
Ln-Al-TM (TM = VI~VIII group transition metal) 1989
Ln-Ga-TM 1989
Zr-Al-TM 1990
Zr-Ti-Al-'TM 1990
Ti-Zr-TM 1993
7r-Ti-TM-Be 1993
Zr—(Nb.Pd)-Al-TM 1993
Pd-Cu-Ni-P 1996
Pd-Ni-Fe-P 1996
Pd-Cu-B-Si 1997
Ti-Ni-Cu-Sn 1998
II. Ferrous group metal base

Fe-(AlLGa)-(P.C.B.Si.Ge) 1993
Fe-(Nb.Mo)-(Al.Ga)-(P,B.Si) 1993
Co—(ALGa)-(P.B,Si) 1996
Fc—(Zr,HE,Nb)-B 1996
Co-Fe (Zr,Hf ,Nb)- B 1996
Ni—(Zr.Hf, Nb)-(Cr,Mo)-B 1996
Fe-Co-Ln-B 1998
Fe—-(Nb.Cr.Mo)-(P.C.B) 1999
Ni—(Nb.Cr.Mo)-(P.B) 1999
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Table 2.2 The classification of amorphous systems [48].

Zr-Al-Ni, Zr-Al-Cu, Zr-Al-Ni-Cu,
Zr-Ti-Al-Ni-Cu, Zr-Nb-Al-Ni-Ln,
and Zr-Ga-Ni

(I) ETM (or Ln) + Al + LTM
Ln-Al-Ni, Ln-Al-Cu, Ln-Al-Ni-Cu,
Ln-Ga-Ni and Ln-Ga-Cu

Fe-Zr-B, Fe-Hf-B, Fe-Zr-Hf-B,
(I1) LTM + ETM + Metalloid Fe-Co-Ln-B, Fe-Co-Ln-B  and
Co-Zr-Nb-B

(IIT) LTM (Fe) + Al or Ga + Metalloid  Fe-(Al, Ga)-Metalloid

Mg+ Ln+LTM Mg-Ln-Ni and Mg-Ln-Cu
Iv)
ETM (Zr or Ti) + Be + LTM Zr-Ti-Be-Ni-Cu
(V) LTM + Metalloid Pd-Ni-P, Pd-Cu-Ni-P and Pt-Ni-P

Ln = lanthanide metal
ETM =1V ~ VI group transition metal
LTM = VII ~ VIII group transition metal
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Table 2.3  Summary of AT (=Tx-Ty), Try (=To/T1), ¥ (=Tx/ (T + T))), critical cooling
rate R, and critical section thickness Z. for typical bulk metallic glasses [60].

Alloy LT, /T L/I(T.+ ) R_(Kf) Z. (mm)
MiggoNi, Ndy, 16.3 0.517 0.353 1251.4 [26] 0.6 [26]
Me,Ni, Ndy, 20.4 0.570 0.379 461 [26] 2.8 [26]
MeggN11sNdis 223 0.553 0.373 1782 [26] 1.5 [26]
Mz NipgNeys 21 0.571 0397 300 [27] 3.5 26]
MeesCunsYio 549 0.551 0.401 500 [28] 7.0 [29]
ZrgeAlgNiyg 35.6 0537 0368 66.6 [30]

ZrssAlgCurNipg 584 0.552 0.387 22.7 [30]

ZrooAleCupsNi,, 77.4 0.559 0.401 9.8 [30]

Zx5A19Cu6N1o 79.5 0.561 0.403 4.1 [30]

ZrgsAl7 sCuy7sNigg 791 0.562 0.403 1.5 [32] 16.0 [32]
Z157T15A1;Cuy N1 433 0.591 0.395 10.0 [33] 10.0 [34]
Zr35 5 135 5MN19 75C 0, 5,,5Beny 480 0.628 0.415 1.4 [4]

Zr39 53 T115,12MN9 03C 013 77Ben 25 57.0 0.625 0420 1.4 4]

Zxy) 7T1138Cuna sNijoBen 5 49.0 0.626 0415 1.4 [4] 50.0 [35]
71y 631112 37C011 35N110Bers 75 89.0 0.589 0.424 5.0 [4]

Zx,,11;,Cuy N1, Bess 114.0 0.518 0.404 125 [4]

Zl'+5_3gTig_53 Cllg_?sNilgBEQ.ﬁ_j_s 117.0 0.503 0.397 175 [4]

Zi4 25 Tig 5Oty sNiy (Bey, 5 1050 0525 0.402 280 [4]

LassAlsNiny 64.3 0.521 0.388 67.5 [36.37] 3.0 [38]
LassAly:Niy<Cus 676 0.526 0394 345 [36]

LassAlysNippCugp 198 0.560 0.420 225 [36] 5.0 [38]
La,,AL.Ni.Cu,; 60.9 0.523 0.380 359 [36]

La, AL Cuy, 38.9 0509 0366 723 [36] 3.0 [38]
LassAlsNisCuygCos T6.6 0.566 0.421 18.8 [3¢6] 9.0 [38]
LageAlLCiig 54.0 0.540 0.399 37.5 [18] 2.0 [18]
Pd,,CusgNiyoPay 789 0.690 0464 0.1 [39] 720 [39]
Pdg; {C1Sizes 37.0 0577 0387 2.0 [40.41]
Pd. «CusSijgs 40.0 0.585 0.392 500.0 [42] 0.75 [43]
P4, CuSies 410 0.602 0.400 100.0 [43] 1.5 [44]
Pd77CusS117 440 0.569 0.388 125.0 [45] 2.0 [40.41]
P (CuiggSiys s 400 0.568 0385 2.0 [40.41]
Pd7; sCuyaSiss s 28.0 0.565 0377 2.0 [40.41]
PdygNiygPap 63.0 0.585 0.409 0.167 [31] 250 [42]
NdeoAlsNioCuyeFes 43.0 0.552 0.393 3.0 [46]
Ndg Al NizCo:Cuys 24.0 0.598 0.394 6.0 [46]
CusoZraeTiag 50.0 0.619 0.409 4.0 [3]
Cus,Zr,; TigBe,g 120 0.637 0412 5.0 [19]
T134211,CugNig 28.8 0.597 0.389 100 [33] 4.5 [3547]
TisgNis,Cing B Sia St 74.0 0.554 0393 1.0 [20]

100



Table 3.1

The constituent contents of alloy systems in this study.

Mg-based Mg Cu Gd
BMG at% wt% at% wt% at% wt%
MggsCuasGdio 65 333 25 33.5 10 33.2
Zr-based Zr Ni Cu Al
BMG at% W% at%  wi%  at%  wit%  at%  wt%
ZresNig2CupsAls 638 741 162 12,1 15 12.1 5 1.7
Au-based Au Ag Pd Cu Si
BMG at% wi% at% wit%  at% wi%  at% wi% at%  wt%
AupAgssPdsCusoSis 49 762 55 46 23 19 269 135 163 3.6
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Table 3.2 Nanoscratch testing condition

Scratch length

Scratch velocity

Starting scratch load

Maximum scratch load

Cross profile location (input scratch load)

Load applied during profiling

500 pm
10 um/s
0.1 mN
30 mN
15 mN

100 uN
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Table 4.1 The composition analyses of the MgesCu,sGd, g, Zrs3 sNij62CuisAls and
AugoAgs sPd; 3Cuye0Sii6.3 amorphous alloys by SEM/EDS.

Ideal SEM/EDS
Alloys Elements
(at%) (at%)
Mg 65 64.3
Mg65CU.25Gd1() Cu 25 24.3
Gd 10 114
/r 63.8 65.1
' Ni 16.2 15.8
Zr63 8Ni162,Cu;sAls
Cu 15 14.2
Al 5 4.9
Au 49 54.5
Ag 5.5 5.4
Au49Ag5_5Pd2.3Cu26.9Si16,3 Pd 2.3 2.1
Cu 26.9 24
Si 16.3 14
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Table 4.2 Thermal properties of the MgesCursGdig, ZresgNije2CupsAls  and
AugoAgs sPd; 3Cuy6.9S116.3 amorphous alloys obtained from DSC.

Heating
T, T« ATy T T
Alloys rate T Y Ym
K& KKK
(K/min)

Mg-based BMG 40 421 490 69 684 738 0.570 0.423 0.757
Zr-based BMG 40 647 745 98 1114 1178 0.549 0.408 0.716

Au-based BMG 40 400 450 50 625 646 0.619 0430 0.774
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Table 4.3 Summary of the compressive stress/elastic modulus of MggsCupsGdio (in at%)

glass at different strain rates.

Sample size

(Mg-based BMG) é ~1x10*s! é ~1x107 s & ~1x107% s
Bulk 3 mm 800 MPa / 50 GPa - -
3.8 um 1342 MPa /44 GPa 1362 MPa/51 GPa 1384 MPa/ 43 GPa
1 um 1400 MPa /51 GPa 1488 MPa/46 GPa 1580 MPa/ 56 GPa
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Table 4.4 Summary of the compressive stress/elastic modulus of Zre; sNij62Cu;sAls (in at%)

glass at different strain rates.

Sample size

& ~1x10%s! & ~1x107 s & ~1x1072 !
(Zr-based BMQG)
Bulk 2 mm 1600 MPa / 80-90 GPa 1712 MPa / -- 1847 MPa / --
3.8 um 2088 MPa /77 GPa 1992 MPa / 80 GPa 2054 MPa /79 GPa
1 pm 2496 MPa / 63 GPa 2357 MPa/ 81 GPa 2365 MPa/ 85 GPa

700 nm 2972 MPa/ 81 GPa 2590 MPa / 88 GPa

2733 MPa /72 GPa
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Table 4.5 Summary of the flow stress and deformation mode of the 1 um Au-based BMG
pillar samples at different temperatures with strain rate of 1 x 107 s™.

Temperature
300 343 373 383 393 403 408
K
Flow stress
1.94 1.92 2.15 1.64 1.74 0.55 0.6
(GPa)
Deformation
Mod Inhomo Inhomo Inhomo Inhomo Inhomo Homo Homo
ode
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Table 4.6 Testing conditions for the different pillar samples.

Pillar H (um) Temperature (K) Nominal strain rate (s")
P-1 8.762 395.9 107
P-2 8.849 395.9 107 to 5x107
P-3 8.885 395.9 3x10~ to 8x10™ to 5x10™
P-4 9.01 401.2 107 to 107 to 5x107
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Table 4.7 Pillar sample height change and thermal drift in microcompression tests.

pill 1 H, AH AL t (AH-AL)/t Drift rate
illar
(um)  (um) (um) (um) (sec) (nm/s) (nm/s)
P-1 8.762 7.936 0.826 0.737 114 0.78 0.82
P-2 &.849 7.789 1.06 1.045 97 0.15 0.22
P-3 8.885 7.633 1.252 1.212 97 0.41 0.56
P-4 9.01 7.812 1.198 1.126 79 091 0.76
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Table 4.8 Summary of the data measured using MTS Nanolndenter XP system.

Elastic modulus Hardness Wear Wear

BMG (GPa) (GPa) coefficient resistance

a (10" Pa)
Mg-based BMG 69.1+£2.8 3.7+0.36 4.136x 107 0.97
Au-based BMG 91.7+£2.4 4.1+0.24 1.396 x 10 2.17

Zr-based BMG 90.3+£0.6 5.24+0.04

1.156 x 107 4.17
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Table 5.1 Summary of data measured using microcompression tests and nanoscratch tests.

) Strain burst speed (nm/s) Wear
Strain rate .
BMG (s'l) resistance
I pm 3.8 um (10" Pa)
1x10™ 747 9178
Mg-based BMG 1x10 792 10031 0.97
1x107 1551 10619
1x10™ 263~282 997~3292
Zr-based BMG 1x10 110~469 818~2809 4.17
1x107 231~433 933~4000
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Table 5.2 Fitted parameters in Eq. (5-1) from the results of microcompression of
the 3.8 um Au-based BMG pillar samples.

T (K) & (s V(A% vo (A7)

395.9 0.0026+0.0001 5542 440+15

401.2 0.0027+0.0001 6242 496+15
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Figure 1.1 Schematic illustrations showing atomic structures of (a) crystalline materials

and (b) amorphous alloys. The inset in the lower left corner shows a diffraction pattern [1].

Figure 2.1 The classification of amorphous alloy system [48] (ETM = IV ~ VI group
transition metal; LTM = VII ~ VIII group transition metal).
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Figure 2.2 Relationship between the critical cooling rate (R.), maximum
sample thickness (tmax) and reduced glass transition temperature (Ty/Ty,) for
bulk amorphous alloy systems [48].
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Figure 2.3 Relationship between the critical cooling rate (R.), maximum

sample thickness (tmax) and supercooled liquid range ATy (= Tx — T,) for
bulk amorphous alloys [48].
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Figure 2.4 New parameter y for understanding GFA of metallic glasses [61].
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Figure 2.5 The correlation between the R, and y,, for metallic glasses. Data
were taken from the study of Lu et al. [62].
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The constituent elements more than three kinds with large atomic size ratios
above 12 % and negative heats of mixing

Increase in the degree of dense random packed structure
(topological and chemical points of view)

Formation of liquid with new atomic configurations
and multicomponent interactions on a short-range scale

- -
< v —>
[ncrease of solid/liquid Difficulty of Necessity of
interfacial energy atomic rearrangement atomic rearrangement
* (de-:rcasc: of atomic diffusivity, ona in"g"mn,ge S_cale
inerease of viscosity for crystallization
Suppression of *
nucleation Suppression of growth
of a erystalline phase Increage of Tg of a crystalline phase
e J K

Decrease of Ty Increase of T /T

Figure 2.6 The mechanisms for the stabilization of supercooled liquid and the high GFA for

amorphous alloys which satisfy three empirical rules [48].
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Figure 2.7 The relationship between the tensile strength, Vickers hardness and

Young’s modulus for various bulk metallic glasses [48].

Figure 2.8 Two-dimensional schematics of the atomistic deformation mechanisms
in the amorphous alloys, including (a) a shear transformation zone (STZ) and (b) a

local atomic jump [33].
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Figure 2.9 SEM micrograph of the sample surface for the ZrsoCuyAl;oNigTi; amorphous

alloy under (a) compressive loading and (b) tensile loading [82].

Figure 2.10 SEM  micrograph of typical shear fracture surfaces for the
Zrsy sNij46Al10Cuy79Tis amorphous alloy under tensile loading (a)-(b); under compressive
loading (c)-(d) [82].
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Figure 2.11 Comparison between the glass transition temperature and calculated shear band
temperature at fracture strength for different BMGs [93].
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Figure 2.13 Strain-rate dependence of the flow stress (op,,) and viscosity (77) for the
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homogeneous deformation in the LassAlysNiyo amorphous alloy [101].
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Figure 2.14 Strain-strain curves of a Zrs, sAl;oCu,Ti, sNij3 amorphous alloy at temperature
of 683 K in strain rate change and constant strain rate tests [107].

2000 A

| i |
1500 A /_—'

' 7.9 80 8
1000 - 1830

1/ 1820-/‘ //\/ /\/\ﬂ
500 1 1810

0 1800 4 Se rrated flow

0 3 € 9 12 15
Strain (%)

Stress (MPa)

Figure 2.15 Serrated flow on stress-strain curve of the NisoPd3;oP20 BMG [108].
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Figure 2.16 The typical p-h curve of the Pd4oCusoNi;oP29 amorphous alloy [111].
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Figure 2.17 Deformation map of the Pd4oNigoP9 and MgesCu,sGd;p amorphous alloys
[118].
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Figure 2.18 A diffuse shear transformation inside a spherical volume element, Q, is
favored at high temperatures [32].

Figure 2.19 A more intense shear transformation inside a disk shaped volume element,

Qy, 1s favored at low temperatures [32].
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Figure 2.20 Annular milling patterns have been used to mill a roughly defined micropillar

sample of Ni single crystal [131].

fl ALVLARE
R

Figure 2.21 The microcompression samples were fabricated into (A) a NizAl alloy and (B)
Ni-based superalloy by using lathe milling program [131]. The diameter of microcompression

samples are 43 um and 2.3 pm, respectively.
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Figure 2.22 (a) Schematic of the microcompression test setup; (b) A SEM micrograph
with a flat diamond tip of 30 pum in size [135].
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Figure 2.24 Effect of fillet radius/pillar radius ratio on numerical simulation output

[136]. The inset shows an enlargement of the circled region to facilitate comparison.
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Figure 2.25 (a) Deformed configuration of a circular cylindrical pillar with an
aspect ratio oo = 5 at a strain of 0.1. (b) Deformed configuration of the pillar at the
same strain of 0.1, but now considering friction. (c) Input and output stress-strain
curves for a pillar with an aspect ratios a = 2-5, both with friction and without
friction (NF) [136].
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Figure 2.26  Effect of taper on numerical simulation output [136].
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Figure 2.27 Effect of misalignment of the system on the error in elastic
modulus [136].
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Figure 2.28 (a) The microcompressive engineering stress-strain curve of the NijcAly4 alloy
with 2 um diameter. (b) SEM micrograph of a micropillar after microcompression test. Strain
bursts are indicated by arrows in figure (a), and appearance of slip lines are also observed on
the micropillar surface, as also indicated by arrows [138].
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Figure 2.29 Engineering stress-strain curve obtained from the microcompression
test of the 12 pm Mg61Cu28Gd11 BMG [34].

Figure 2.30 Micrographs of the micropillar, (a) before and (b) and (c) after
microcompression test. (d) Close-up view showing the shear bands [34].
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Figure 2.31 (a) An SEM micrograph of the pillar sample with the diameter of 20 pm
after microcompression test, and the corresponding fracture surface as shown in (b)

[141]. (No evidence of localized melting or river pattern is apparent in fracture surface.)

Figure 2.32 SEM micrographs of the pillar samples with diameters of (a) 10 um and 8
um after microcompression test [142]. (Global melting is observed in micropillar

samples under microcompression test.)
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Figure 3.1 The flow chart of the experimental procedures.

DSC

High-temperature

microcompression test

<&

A

Microcompression

test

132

(For Au-based BMGs)




Figure 3.2 Photograph of the arc melting device.
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Figure 3.3 Schematic diagram of the arc melting device.
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Figure 3.4 The relationship of fusion heat among the constituent elements in the
Zr-Cu-Ni-Al alloy system (unit: kJ/mol) [143].

135



0.4

Zr-Cu-Ni-Al(5%Al) 1050 C

LIQUID

IQUID+BCC_AZ

0.55 0.65 0.75 0.85 0.95

Figure 3.5 The simulated phase diagram for a Zr-rich isothermal section calculated
under constant 5 at% Al at 1050 °C [151].
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Figure 3.6 The simulated phase diagram for the composition cut between ZrsNigoZrss
and AlsCuysZr7g, obtained from the isopleth C-C in Figure 3.5 [151].
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Figure 3.7 Schematic diagram and photographs of the standard Nano Indenter® XP system.
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Figure 3.8 SEM micrographs of the flat-punch tip: (a) top view and (b) side view.

Figure 3.9 SEM micrograph showing the projected area of the punch tip.
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Flat-punch tip

Micropillar

Figure 3.10 Schematic of the microcompression setup. (Black region represents the

flat punch indenter tip; the lower grey area represents the micropillar.)

Lower sidewall

Figure 3.11 Schematic illustration of TEM sample procedure using FIB [156].
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Figure 3.12 The photograph of the heating stage for MTS Nanoindenter XP system.

&

Figure 3.13 The photograph of the heating stage for Hysitron Triboindenter system.
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Figure 3.14 The picture of Hysitron Triboindenter system.
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Figure 3.15 The photographs of the heating stage set-up: (a) the heating stage covered

with a sheet of alumina-silica paper and (b) test samples attached with a thermal couple.
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Figure 3.16 Schematic diagrams of the standard scratch procedure.
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Figure 3.17 (a) A example of the worn scratch track (cross profile direction as indicated by

arrow) and (b) a typical result of the cross-sectional profile.
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Figure 4.1 XRD patterns taken from the cross-sectional surface of the as-cast (a)

Mg65CUQ5Gd1(), (b) ZI’63_8Ni16,2CU15A15 and (C) AU49Ag5.5Pd2_3CL126.98i16_3 amorphous
alloys.
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Figure 4.2
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Figure 4.3 TEM bright field image of the as-cast MggsCu,sGd;o amorphous alloy

with an inserted diffraction pattern.
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Figure 4.4 TEM bright field images of the as-cast Zrs3 §Nij62Cu;sAls amorphous
alloy for two different regions with their corresponding diffraction patterns: (a)

phase separation region and (b) glassy matrix region.
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Figure 4.5 Microstructure of the as-cast Zre; sNij62Cu;sAls amorphous alloy for the phase
separated region: (a) A bright field TEM image, (b) the corresponding selected area

diffraction patterns of the bright and dark regions, and (c) HREM image of the interface
denoted by the dotted circle in (b).
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Figure 4.6 TEM bright field image of the as-cast AusAgssPd;3Cus9Siies

amorphous alloy with an inserted diffraction pattern.
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Figure 4.7 SEM micrographs of pillars for the Mg-based BMG before
microcompression test. The pillars with diameters of (a) 3.8 um and (b) 1 um. The tilt
angle of the sample in SEM is 55° for both images.
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Figure 4.8 SEM micrographs of pillars for the Zr-based BMG before
microcompression test. The pillars with diameters of (a) 3.8 um, (b) 1 um and (c) 700
nm. The tilt angle of the sample in SEM is 55° for all images.
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Figure 4.9 Compressive load-displacement curves of the Mg-based BMG of (a) 3.8

pm and (b) 1 um at different strain rates.
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Figure 4.10 The engineering stress-strain curves of the Mg-based BMG of (a) 3.8

pm and (b) 1 um at different strain rates.
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Figure 4.11 The displacement-time curves of the Mg-based BMG of (a) 3.8 um and
(b) 1 um at different strain rates.
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Figure 4.12 SEM micrographs showing the appearance of deformed pillars for the
Mg-based BMG with the size and strain rate: (a) 3.8 um, ~6x10* s, (b) 1 pm, ~2x10™
s, (c) 3.8 um, ~1.2x107 s, (d) 1 um, ~1x107 s, (e) 3.8 pm, ~1x107 s, and (f) 1 pm,
~1x107 s
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Figure 4.13 The microcompression engineering stress-strain curves of the 3.8 um, 1
pm and 700 nm micropillars at different strain rates of (a) 1x10* 57!, (b) 1x107 s,
and (c) 1x107%s™.
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Figure 4.14 SEM micrographs showing the appearance of deformed pillars for the
Zr-based BMG at a strain rate of 1x10™ s (a) 3.8 pm, (b) 1 um, and (c) 700 nm.

Figure 4.15 SEM micrographs showing the appearance of deformed pillars for the
Zr-based BMG at a strain rate of 1x10° s: (a) 3.8 um, (b) 1 um, and (c) 700 nm.

Figure 4.16 SEM micrographs showing the appearance of deformed pillars for the
Zr-based BMG at a strain rate of 1x107% s (a) 3.8 pm, (b) 1 um, and (c) 700 nm.

158



Figure 4.17 TEM sample preparation procedures: (a) Zr-based BMG micropillar with
1 um diameter before compression test, (b) carbon is deposited around the pillar, (c) an
energetic Ga ion beam is used to cut the trench, and (d) TEM sample can be further
thinned by using the Ga ion beam with lower voltage or current. The tilt angle of the
sample in SEM is 55° for all images.
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Figure 4.18 (a) Bright field TEM image of a lamella prepared from the undeformed
Zr-based pillar. (b) A diffraction pattern from the indicated region of the pillar in figure (a), as
marked by a circle. (¢) The HREM image from the indicated region of the pillar in figure (a),

as marked by a square.
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Figure 4.19 (a) The SEM image showing the 1um Zr-based BMG pillar sample. (b) The
corresponding bright field TEM image. (c) A diffraction pattern from the indicated region of
the pillar in figure (b), as marked by a circle. (d) The HREM image from the indicated region
of the pillar in figure (a), as marked by a square.
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Figure 4.20 (a) The SEM image showing the 1um Mg-based BMG pillar sample. (b) The
corresponding bright field TEM image. (c¢) A diffraction pattern from the indicated region of
the pillar in figure (b), as marked by a circle.
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Figure 4.21 SEM micrographs of pillars for the Au-based BMG before

microcompression test. The pillars with diameters of (a) 3.8 um and (b) 1 um.
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Figure 4.22 Compressive load-displacement curves of the 1 um Au-based BMG pillar
samples deformed at different temperatures.
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Figure 4.23 The time-displacement curves of the 1 um Au-based BMG pillar samples
deformed at different temperatures.
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Figure 4.24 The engineering stress-strain curves of the 1 um Au-based BMG pillar
samples deformed at different temperatures.
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Figure 4.25 SEM images of the 1 um Au-based BMG pillar sample (a) before and after
compression at (b) room temperature, (c) 343 K, (d) 373 K, (e) 383 K and (f) 393 K.
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Figure 4.26 SEM images of the 1 um Au-based BMG pillar sample (a) (c) before and
(b) (d) after compression at 403 and 408 K.
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Figure 4.27 The load-displacement curves from microcompression of the Au-based
BMG pillar samples at high temperatures: (a) constant strain rate and (b) strain rate

change tests.

168



Figure 4.28 SEM images of a typical 3.8 um Au-based BMG pillar sample (a) before
and (b) after compression at 395.9 K with strain rates of 3 x 10°-8 x 10°-5x 10 s™.
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Figure 4.29 True stress-strain curves from microcompression of the Au-based BMG
pillar samples at high temperatures: (a) constant strain rate and (b) strain rate change
tests.
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Figure 4.30 The typical load-depth curves of the Mg-, Au- and Zr-based BMGs at
strain rate of 5 x 107 5.
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Figure 4.31 (a) Scratch depth profile versus scratch length and (b) cross-sectional profile
for the Mg-, Au- and Zr-based BMGs.
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Figure 4.32 SEM images of the scratched regions in the (a) beginning, (b) middle and
(c) end of the scratch made in the Mg-based BMG.
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Figure 4.33 SEM images of the scratched regions in the (a) beginning, (b) middle and
(c) end of the scratch made in the Au-based BMG.
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Figure 4.34 SEM images of the scratched regions in the (a) beginning, (b) middle and
(c) end of the scratch made in the Zr-based BMG.
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Figure 5.1 Schematic illustration of the deformation for a tapered pillar sample.
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Figure 5.2 AES depth profile of the FIB milled Zr-based BMG micropillar with a

diameter of 3.8 um.
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Figure 5.3 The strength-sample size relationship for (a) the Mg-based BMG, and (b)
the Zr-based BMG samples with different pillar diameters from 3 mm down to 1 pum,
and from 2 mm down to 700 nm, respectively.

Figure 5.4 The appearance of the 3.8 um (a) Mg-based BMG and (b) the Zr-based
BMG pillar sample after FIB milling.
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Figure 5.5 Schematic illustration of the sample size effect on homogeneous

deformation.
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Figure 5.6 The SEM images of the Zr-based BMG pillar sample at the four different
sizes: (a) 3.8 um, (b) 1 um, (c¢) 700 nm and (d) 300 nm in diameter.
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Figure 5.7 The SEM images showing the appearance of the three different 300 nm
pillar samples: (a) (c) (e) before and (b) (d) (f) after compression.
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Figure 5.8 The comparison of the curves for the Mg- and Zr-based bulk compression

samples, and the 1 pm Mg- and Zr-based micropillars, compressed at the strain rate of
10

Figure 5.9 SEM micrographs showing the appearance of the deformed (a) Mg- and (b)
Zr-based bulk compression samples.
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Figure 5.10 The function of temperature versus strength and modulus for the 1 yum
Au-based BMG pillar samples at strain rate of 1x107s™.
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Figure 5.11 Stress vs strain rate for Au-based BMG pillar samples at different
temperatures with curves fitted by Eq. (5-1).
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Figure 5.12  Strain-rate dependence of the viscosity in the Au-based BMG.
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