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ABSTRACT

WEIHUA YIN. Compressive behavior of bulk metallic glass under different
conditions Coupled effect of temperature and strain rate. (Under the direction

of DR. QIUMING WEI)

Metallic glass was first reported in 1960 by rapid quenching of Au-Si alloys. But,
due to the size limitation, this material did not attract remarkable interest until the
development of bulk metallic glasses (BMGs) with specimen sizes in excess of 1 mm.
BMGs are considered to be promising engineering materials because of their ultrahigh
strength, high elastic limit and wear resistance. However, they usually suffer from
a strong tendency for localized plastic deformation with catastrophic failure. Many
basic questions, such as the origin of shear softening and the strain rate effect remain
unclear. In this thesis, the mechanical behavior of the Zrs5Al10NisCusg bulk metallic
glass and a metallic glass composite is investigated.

The stress-strain relationship for Zrss AligNisCusg over a wide range of strain rate
(5% 107° to 2 x 103s71) was investigated in uniaxial compression loading using both
MTS servo-hydraulic system (quasi-static) and compression Kolsky bar system (dy-
namic). The effect of the strain rate on the fracture stress at room temperature
was discussed. Based on the experimental results, the strain rate sensitivity of the
bulk metallic glass changes from a positive value to a negative value at high strain
rate, which is a consequence of the significant adiabatic temperature rise during the
dynamic testing. In order to characterize the temperature effect on the mechanical
behavior of the metallic glass, a synchronically assembled heating unit was designed to

be attached onto the Kolsky bar system to perform high temperature and high strain



iv
rate mechanical testing. A transition from inhomogeneous deformation to homoge-
neous deformation has been observed during the quasi-static compressive experiments
at testing temperatures close to the glass transition temperature. However, no tran-
sition has been observed at high strain rates at all the testing temperatures. A free
volume based model is applied to analyze the stress-strain behavior of the homoge-
neous deformation. To further examine the inelastic deformation of the Zr-based bulk
metallic glasses, instrumented nanoindentation experiments were performed. A tran-
sition from discrete plastic deformation to continuous plastic deformation was found
when strain rate is increased but still within the quasi-static strain rate region. Moti-
vated by the metal matrix composite material, a tungsten reinforced BMG composite
was investigated at quasi-static and dynamic strain rates. The mechanical behavior

of the metallic glass matrix was improved significantly by the addition of W particles.
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CHAPTER 1: INTRODUCTION

1.1  Motivation

Metallic alloys are traditionally considered as crystalline in nature, whose consti-
tutent atoms are arranged in an ordered pattern periodically in three dimensions.
The structures of crystalline metallic alloys have been well studied. The structure
can be divided into 7 crystal systems, 14 Bravais lattices and 230 space groups. Two
metals may have the same Bravais lattice, but the difference in the lattice parameters
and inter-axial angles render them into totally different materials. Because of this
structural periodicity, the deformation of crystalline metals can proceed via activities
of dislocations and deformation twinning.

But when the structural periodicity is absent and the atoms are randomly packed
together, the materials are considered as ”noncrystalline”. ” Amorphous” and ”glassy”
are other terms to describe this random arrangement of atoms in the solid state. The
first metallic glass was discovered in 1960, when Klement and his coworkers [79] were
trying to rapidly solidify a liquid Au-Si alloy using splat quenching with a cooling
speed approaching a million Kelvin per second. The amorphous metal they created
was only a 10 pum thick ribbon. The exploitation for the structural application of
metallic glasses was not widely performed because of the limitation of the extreme

production conditions required and the very small size of the samples. But in 1974,
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the first bulk metallic glass(BMG) was developed by Chen [9]. At present, bulk
metallic glasses can be produced at relatively low cooling rates having well designed
compositions. The so-called term ”bulk” means that the diameter of a cast rod of
the amorphous metal or alloy is larger than 10 mm.

The mechanical properties of metallic glasses are closely related to the amorphous
state of the atomic structure. The amorphous alloys generally exhibit the same order
of magnitude of elastic modulus as their conventional engineering metals, but have a
larger elastic limit with a significant increase in their strength. Also the high hardness,
great wear and corrosion resistance and good forming ability make them as excellent
candidates as structural materials.

But due to the large-scale random atomic arrangement, the characterization of
metallic glasses is very difficult compared to the structural analysis of crystalline al-
loys. The structure-properties relationship is still unclear for metallic glasses. Since
the development of bulk metallic glasses, there are a great number of research ef-
forts concerning the mechanical behavior of bulk metallic glasses. Nevertheless, the
complete characterization of the mechanical behaviors, particularly the plastic defor-
mation mechanisms of BMGs, is still in complete. In order to make bulk metallic
glasses widely used as structural materials, the understanding of their mechanical
behavior at large is necessary. For example, it is well known that the mechanical
properties of conventional crystalline metals and alloys usually, more or less, exhibit
strain rate and temperature dependence[21, 160, 161, 150, 46]. A great number of ef-
forts have been undertaken to understand the coupled effect of temperature and strain

rate on the mechanical properties of crystalline metals and alloys and as such certain
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common features have been identified for these materials. However, this is largely
not the case for bulk metallic glasses. First of all, most of the experimental work in
the literature on the mechanical properties of bulk metallic glasses focuses on behav-
ior at ambient temperature and at quasi-static strain rates. Second, no clear trend
has been identified regarding the strain rate dependence of the mechanical behavior
of bulk metallic glasses. As a matter of fact, different groups have reported largely
different and sometimes even contradictory results. For example, negative strain rate
sensitivity [65, 92], positive strain rate sensitivity[110, 98] and absence of strain rate
dependence[7, 149] have all been claimed to be associated with bulk metallic glasses.
Third, there is only sporadic data on the thermal (temperature) effect on the me-
chanical properties of bulk metallic glasses[105, 73, 123, 102]. Most of such data has
been obtained at quasi-static strain rates[105, 73, 123]. Fourth, no elaborated effort
can be found in the literature regarding the coupled effect of temperature and strain
rate on the mechanical behavior of bulk metallic glasses.

Therefore, the primary objective of this dissertation is to provide a comprehensive
investigation of the various aspects of mechanical properties of a few typical bulk
metallic glasses, particularly the plastic deformation and flow characteristics of a Zr-
based bulk metallic glass, Zrs5Al;0Ni5sCuzy over a wide range of strain rates and
temperatures.

In Chapter 2 we will discuss the plastic deformation mechanism and the strain
rate sensitivity of this Zr-based bulk metallic glass at room temperature. In Chapter
3, we will describe the investigation on the temperature and strain rate effect on

the mechanical behavior of the bulk metallic glasses. In Chapter 4, we will report
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nanoindentation experimental results on some BMGs, particularly on the strain rate
sensitivity based on the instrumented nanoindentation experiments. Hardness evolu-
tion and the strain rate effect will be discussed in detail. In Chapter 5, a Hf-based
metallic glass composite with tungsten particle reinforcement is tested at different
strain rates, and the effect of the addition of W particles on the mechanical behavior
of the Hf-based metallic glass is studied.

In what follows, we will provide a concise review on the major aspects of bulk metal-
lic glasses, with a focus on the mechanical behavior, especially plastic deformation.
A brief general historical background will also be given regarding the development of

bulk metallic glasses.
1.2 Metallic Glasses

Generally speaking, when a metal liquid is cooled at a low rate, such as 1K/s,
the crystallization process that will happen during the cooling stage, causes the ma-
terial to form a long-range periodical structure, which is a crystalline material as
we know it. But when an alloy is cooled down at a certain cooling rate, such that
the crystallization process is suppressed, the nucleation and growth of the crystalline
phase could be bypassed in the metal liquid during the cooling period. Figure 1 is a
schematic drawing of a time-temperature-transformation (TTT) diagram of a metal-
lic glass system. The slope of the green arrow indicates the critical cooling rate that
the liquid can cool down quickly enough to bypass the nose on the TTT diagram
for crystallization. If the cooling rate is faster than this critical cooling rate, the

crystallization process will be suppressed and glass will form. In practice, the faster
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the critical cooling rate, the easier it is to form metallic glasses. The T; shown in the
Figure 1 is the liquidus temperature, and the 7} is the glass transition temperature.
The glass formating ability (GFA) describes the ability of a system to form glass
state solid. Researchers have linked the GFA to some characteristic temperatures of
the material and other physical properties. With the assumption that the nucleation
frequency and the crystal growth of a melt scale inversely with the viscosity of the
liquid, Turnbull [151] proposed the reduced glass transition temperature T, defined
as the ratio of the glass transition temperature to the liquidus temperature, 7;/7,.
Lu and his co-workers confirmed that the reduced glass transition temperature, 7,
shows a good correlation with the GFA. Another GFA indicator, i.e., the supercooled
liquid region, AT, has been proposed by Inoue et al. [61]. The supercooled liquid
region, defined as the difference between the onset temperature of crystallization T,
and the glass transition temperature 7}, is based on the stability of the supercooled
liquid against crystallization.

In order to obtain alloy systems with excellent glass formating ability, a great deal
of work has been undertaken in the community. Inoue [52] from Tohoku University
has proposed three empirical rules for a system with high GFA: (1) more than three
elements in the system; (2) large atomic size difference between major constituent
elements; (3) negative heats of mixing of the major constituent elements. A system
which satisfies these three empirical rules will result in an increase in the degree of
dense randomly packed structure, and a liquid with new atomic configurations will
form having a large solid/liquid interfacial energy; it is also difficult for the atoms to

rearrange, and as such the crystallization process can be arrested. All these empirical
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Figure 1: Schematic drawing of a TTT diagram of metallic glass system.

rules will increase the glass transition temperature which results in a higher value of
T,4, and thus better GFA.

Following the three empirical rules proposed by Inoue[52], a large number of studies
on the formation and the properties of bulk metallic glasses have been performed in
the past two decades. Numerous bulk metallic glass systems have been reported
and the alloy systems can be classified as non-ferromagnetic and ferromagnetic alloys
depending on their composition[58]. The non-ferromagnetic alloy systems include Ln-
, Mg-, Zr-, Ti-, Pd-, Ca-, Cu-, Pt-, and Au-based systems, while the ferromagnetic

group comprises of Fe-, Co-, and Ni-based alloy systems. The lowest critical cooling
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rate for bulk metallic glasses reach as low as 0.067 K/s for a Pd-based bulk metallic
glass system reported by Inoue et al.[124]. This low critical cooling rate is about
10® times smaller than those for other ordinary glassy alloys[60, 57, 66, 52]. With
such a low critical cooling rate, production of large-scale metallic glass objects with
different external shapes has been enabled. For example, Pd-Cu-Ni-P systems with
over 70 mm in diameter and height have been reported by Inoue et al.[53] and over
20 mm in diameter, 40 mm in height for Zr-Al-Cu-Ni[59, 177], Cu-Zr-Al-Ag[181] and
Ni-Pd-P-B[179] systems.

Despite the intense interest in glass formating ability and applications of bulk
metallic glasses, many details about their structure remain a mystery. Although the
bulk metallic glasses lack the long range order, and the local atomic configurations are
completely different from those for the corresponding crystalline alloys, simulations
and experimental efforts reveal that in metallic glasses there exist medium to short
range order atomic structures[43, 143, 116]. Hirata and his co-workers[43] applied
nanobeam electron diffraction to the Zr-Ni binary system. Experimental results sug-
gested the existence of the short- and medium-range order atomic clusters inside the
amorphous alloy. Molecular dynamics simulations have been conducted by Sheng et
al.[143] with different metallic glass systems, and analysis of the local atomic configu-
ration of the simulation results revealed a short- and medium-range order structure of
the atoms. A dense cluster-packing model has been proposed by Miracle[116], which
is based on coordination polyhedra. Ye et al.[176] performed high-frequency dynamic
micropillar tests on a Zr-based bulk metallic glass system. The experimental results

showed that loosely bonded atomistic free volume zones are enveloped by elastically



tightly bonded atomic clusters.
1.3 Mechanical Properties of Bulk Metallic Glasses

Because of the structural difference between metallic glasses and crystalline metal-
lic alloys, BMGs exhibit attractive properties. The deformation behavior of bulk
metallic glasses is characterized by either homogeneous or inhomogeneous deforma-
tion. According to deformation maps of the metallic glasses[135], inhomogeneous
deformation usually occurs when a metallic glass is deformed at low temperature or
high strain rate, and the plastic deformation is characterized by the formation of
localized shear bands. Homogeneous deformation happens at high temperature and
low strain rate, where the specimen deforms uniformly without any localized shear
band formation.

For a polycrystalline solid, the yield criterion predicts the same magnitude in either
tension or compression. In contrast, metallic glasses have an asymmetry of their
tension and compression strengths, suggested by the different shear angles of the
tested sample under tension and compression. The fracture angle in compression tests
is less than 45°[28, 165, 91] while that angle is always larger than 45° in tension|91,
117, 96] tested sample. Donovan[28] argued that the yielding of metallic glasses obeys
the Mohr-Coulomb criterion instead of the von Mises criterion. The yield stress of the
metallic glasses depends not only on the applied shear stress, but also on the stress

normal to the shear plane ¢,,. And the criterion can be written as follows:

T, = To + a0y, (1)
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Figure 2: Strain rate effect on the failure strength of different bulk metallic glass
systems.

Here, 7, is the effective shear yield stress, 7y is a constant and « is a system specific
coefficient. Schuh and Lund[136] carried out atomistic simulations and confirmed the
stress asymmetry of the metallic glass. Zhang et al.[183] also reported the difference
of the fracture angles between the tension and compression tests. They argued that
the a values are different in tension and compression tests because of the differences

in the fracture mechanisms induced by compressive and tensile load.
1.3.1  Strain Rate Effect

Limited data have been reported for the strain rate effect on the failure strength
of bulk metallic glasses in the past two decades. Mukai et al.[118] showed that the

fracture stress of PdyNisPsy bulk metallic glass decreased with increasing strain

1

rate, especially at an extremely high strain rates above 103s™!. Hufnagel and his
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co-workers[50] also reported that the failure strength of Zrs;Ti5CuggNigAlyy bulk
metallic glass decreased with increasing strain rate. Li et al.[92] also reported the
same strain rate effect for H f505Ti5Ni14.6Cu17.9Alo bulk metallic glass. The stress
drop at high strain rate was attributed to the formation of multiple shear bands
at the same time when the rate of shear band emission is not sufficiently fast to
accommodate the applied strain rate. In contrast, Lu et al.[105] and Bruck et al.[7]
reported that the compressive fracture strength of Zry; 9T"138C U195 Ni19Bess s bulk
metallic glass was independent of the imposed strain rate. Liu and his co-workers[98]
reported a positive strain rate sensitivity for NdggF'esnCo19Al1g bulk metallic glass
system. Data of the compressive fracture strength as a function of strain rate from
different researchers[118, 50, 92, 105, 7, 98, 184] are summarized in Figure 2. It is
apparent that the strain rate dependence of the strength in bulk metallic glass is still
controversial. There are few detailed discussions about the strain rate effect on the

strength of bulk metallic glasses in the literature.
1.3.2  Strength and Plasticity

The strength and the ductility of bulk metallic glass are the two mechanical proper-
ties of major concern for structural applications. Johnson and Samwer[68] concluded
that the typical elastic limit of a bulk metallic glass is about 2%, and therefore, the
critical shear strength is about 0.02u(where p is the shear modulus of the metallic
glass). After further investigation of 30 different bulk metallic glass systems, Johnson
and Samwer[68] found that the critical shear strength of a BMG is related to the

physical parameters associated with the atomic cohesive energy, such as the glass
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transition temperature 7, and shear modulus p. Inoue and his co-workers[54] also re-
ported that the strength of BMG relates to the elastic modulus of the specimen. Since
the T} is the key parameter controlling the glass formating ability of the amorphous
alloy system[106], the relationship between the strength and 7, has drawn particular
interest. The strength of bulk metallic glasses is found to relate to the composition
of the alloy. Different compositions of an alloy system have different glass transition
temperatures, which will produce different strengths. Yang et al.[174] have concluded
that the strength of a bulk metallic glass depends on T}, testing temperature 7', and

the molar volume V', and can be expressed as

op = 55— 7 (2)

Experimental results from different researchers[180, 140, 133, 178, 109, 56, 118,
157, 8, 182, 107] also suggest that the strength of the BMG at room temperature
depends on the glass transition temperature and the molar volume.

Because of the absence of crystal-slip mechanisms in bulk metallic glasses, they
exhibit very high strengths which can be close to the theoretical limit[39], but their
ability to deform plastically is very limited. In uniaxial tension, the plastic strain is
near zero[171]. Even under a compressive load, the plastic strain is still limited. In or-
der to increase the ability of the BMG systems to deform plastically, researchers have
reported different systems with large plastic strain under compression and bending
tests[171, 131, 25, 103]. Lewandowski et al.[89] have proposed a universal correlation

between the toughness and the elastic modulus ratio p/B(B is the bulk modulus). A
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solidity index S = u/B is used to distinguish a ductile solid from a brittle one. The
higher the value of S, the more brittle of the material. A transition from ductile to
brittle has been found when S > 0.41 — 0.43[89]. Since metallic glasses are isotropic
materials, the solidity index can be expressed as

3(1—2v)

T )

where v is the Poisson’s ratio. The above equation indicates that a low solidity index
corresponds to a high Poisson’s ratio. In other words, bulk metallic glasses with high
Poisson’s ratio is more ductile. A high Poisson’ ratio can promote multiple shear band
formation, and as such, crack initiation can be suppressed[40, 131]. It is also reported
that the higher the Poisson’s ratio, the larger the shear transformation zone volume,
and a relatively large STZ volume reinforces the shear capability of the metallic glass

and promotes the formation of multiple shear bands[128].
1.3.3  Size Effect

The plastic deformation of bulk metallic glasses is a process through shear transfor-
mation zones, and the dimension of a STZ is about 1 nm[128], which is significantly
smaller than the length scales of the samples in conventional mechanical testing. In
this context, one could argue that the mechanical properties of metallic glasses are
relatively size-independent. However, Schuh et al.[138, 135] suggested that the crit-
ical nucleus of a shear band has a diameter of ~ 50 — 500nm, which indicates that
a size dependence of the mechanical behavior of BMGs could exist when the speci-

mens approach this size. Size dependence of the mechanical behavior of BMGs has
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been found even at the mm-scale region[168, 166, 49, 170, 94]. The strength and
the malleability of the BMGs depend on the specimen size. The smaller size speci-
men experienced a faster cooling rate during the solidification, which created more
preferential nucleation size for shear band[49].

Size-dependent strength and deformation modes of micro- and nano-scale specimen
of metallic glasses are also reported[155, 139, 41, 63]. A change in deformation mode
in the smallest metallic glass specimens has been reported in tension[41, 63] and also
in compression[155]. However, Schuster and his co-workers[139] have shown that the
plastic flow of BMG in compression is always localized in shear band, and there is
no deformation mode change even when the specimen diameter is only ~ 250nm, or
smaller[169]. The deformation mode change observed in other reports are attributed
to the geometrical effect of the tapered shapes of the micro-pillar specimens[139, 99].
A correlation between the reduced specimen size and the strength of bulk metallic
glasses is also reported[139, 155, 83].

Although a number of efforts regarding the mechanical properties of metallic glasses
have been undertaken in the past two decades, due to the lack of an accurate struc-
tural model and the experimental difficulties in investigating a disordered system, the
relationship between the properties and the amorphous structure has not been well
clarified theoretically. Nevertheless, a wide range of excellent properties of metallic
glasses have been measured and the potential application have been summarized in
Table 1 based on the work of Wang et al.[158].

Of all the properties of bulk metallic glasses, mechanical properties have attracted

the most interest from researchers. In Figure 3[4] we have plotted the elastic limit



14

Table 1: Fundamental properties and potential applications of bulk metallic glasses.

Properties Application field

High strength Machinery structural materials
High hardness Cutting materials

High fracture toughness Die materials

High impact fracture energy Tool materials

High fatigue strength Bonding materials

High elastic energy Sporting goods materials

High corrosion resistance Corrosion resistance materials
High wear resistance Writing appliance materials
High reflection ratio Optical precision materials
High hydrogen storage Hydrogen storage materials
Good soft magnetism Soft magnetic materials

High frequency permeability High magnetostrictive materials
Efficient electrode Electrode materials

High viscous flowability Composite materials

High acoustic attenuation Acoustic absorption materials
Self-sharping property Penetrator

High wear resistance and manufacturability Medical devices materials

against Young’s modulus, E, for different metallic materials. Also ¢,/E and 05 /E
are plotted, in which the first is the yield strain and the second is the ability of the
material to store elastic energy. The figure reveals that metallic glasses have excellent
properties compared to other materials. The high yield strength, and in turn, the high
elastic strain limit have made bulk metallic glasses attractive for many engineering
applications.

Although the elastic limit and the yield strength of metallic glasses are much higher
than most of the conventional alloys, limited macro-plasticity has been reported in
uniaxial compression and tension in metallic glasses at room temperature and high
stress levels. It is widely recognized that the plastic deformation of metallic glasses is
primarily accommodated through the formation of localized shear bands. The rapid

propagation of the shear band results in catastrophic failure of the sample. The
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plastic strain of the BMGs is limited to be less than 2% by shear banding and shear

band propagation processes.
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Figure 3: Elastic limit o, is plotted against elastic modulus £ for 1507 metals, metal
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the resilience o7, / E[4].

1.4  Zr-Based Bulk Metallic Glass

The material that will be investigated in this dissertation is primarily a Zr-based
bulk metallic glass, Zrs5Al;0Ni5sCugzy. Materials were provided by Professor Chaoli
Ma from Beijing University of Aeronautics and Astronautics (Beihang University).
The composition is given by the nominal atomic percentage. The materials are made
with copper mold casting method.The alloy ingots were prepared by arc melting
the mixture of the Zr(99.99 mass%), A1(99.99 mass%), Ni(99.99 mass%), Cu(99.99

mass%) in an Ar atmosphere. The molten alloys are melted repeatedly for several
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Table 2: Physical and mechanical properties of Zrs5Al190/Ni5Cusz0 bulk metallic glass.

Ty(K) | To(K) | p(g/em?®) | E(GPa) | G(GPa) | H,(GPa)
693 | 768 | 6.84 89 32.1[51] | 5.2

times to ensure a compositional homogeneity. Then the molten alloy is poured into a
copper mold. The alloy will solidify quickly because of the rapid heat extraction by
the metal mold. The details of the copper mold casting method can be found in the

publication of Inoue et al.[55].
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Figure 4: Differential scanning calorimetric (DSC) curves taken from

ZT’55AZ10N’L.5CU30 with a heating rate of 20K/II111’1

The characteristic temperatures associated with the crystallization reaction of the
Zr-based bulk metallic glass, for example the glass transition temperature (7;) and the
onset crystallization temperature (7), have been identified by differential scanning

calorimetric (DSC) measurements. The DSC measurement was implemented at a
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constant Ar flow of 50ml/minute. Figure 4 is the DSC curve of Zrs5Al1gNisCusg
with a heating rate of 20K/min. Due to the glass transition, the sample shows a
distinct endothermic reaction and an exothermic reaction due to crystallization. The
glass transition temperature, Ty, and the crystallization temperature, T, are measured
to be 693 and 768K, respectively. The physical and mechanical properties of the as-
cast Zrss AligNisCusg bulk metallic glass are summarized in Table 2. The as-received

rod samples have a diameter about 3mm.



CHAPTER 2: UNTIAXTAL COMPRESSIVE BEHAVIOR OF BULK METALLIC
GLASSES AT ROOM TEMPERATURE

2.1  Introduction

Excellent mechanical behavior is one of the most important requirements for struc-
ture material. Bulk metallic glasses have been considered for structural applications
in many critical areas[4|. Although the first metallic glass had been discovered in the
1960s by Klement et al. [79], the first mechanical characterization on metallic glass
materials had not been performed until 1970s. For example, Masumoto and Maddin
carried out some mechanical testing on PdgySioy glass ribbons over a wide range of
temperature[112]. Since that time, the mechanical properties of metallic glasses have
attracted a great amount of interest and attention from researchers in the communi-
ties of materials science and engineering at large. In general, high fracture strength
and limited or vanishingly small tensile ductility have been associated with metallic
glasses in earlier research efforts. Inhomogeneous plastic deformation at room temper-
ature and below through the formation of very narrow shear bands has been revealed
as the main deformation mechanism responsible for plasticity. A number of theories
and models have been proposed to explain the plastic deformation behavior. How-
ever, due to the limited size of the ribbon shaped samples and the ill-controlled stress
state during mechanical testing, no strong experimental validation has been found for

these theories and models. As such, whether these theories could be supported by ex-
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perimental observations remained an outstanding question for quite some time. The
successful synthesis of bulk metallic glasses have provided good opportunities for re-
searchers to understand this category of structure material much better, particularly
in the contexts of mechanical behavior, plastic deformation mechanisms, and failure
mode. Extraordinary mechanical properties such as very high fracture strength, large
elastic strain (because of the relatively small elastic moduli), great wear resistance
and excellent formability in the super-cooled temperature region [26, 58, 66, 81, 135]
have made bulk metallic glasses promising candidates as structural materials for some
important applications [4]. Great progress has been made during the past few decades
both in the fabrication of large size metallic glass materials (i.e., bulk metallic glasses
-BMGs) and in the understanding of the various aspects of their behavior, such as
thermal, mechanical and chemical properties [9, 10, 11, 158]. For many structure
materials, it is required that they have the ability to maintain their good mechanical
properties over a relatively wide window of loading rates or strain rates. However, to
the knowledge of the author, the strain rate dependence of BMGs has been an area
that still awaits exploration. Only a few reports are available in the literature that
deal with the high strain rate behavior and the strain rate dependence behavior of
BMGs [7, 50, 64, 98, 102, 105, 110].

Usually, for a visco-plastic material, the strain rate dependence of the strength is

defined by the strain rate sensitivity parameter as follows [160] :

_ Ologo

e Ologe
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In this definition, o is the stress and ¢ is the imposed strain rate in s~

According to the results published by different researchers, the relationship between
strain rate and the yield strength or fracture stress is still unclear for BMGs. For
example, Bruck et al. [7] and Sunny et al. [149] have found that the yield strength
was independent of the strain rate for Zr-based metallic glasses. However, Ma et al.
[110] and Liu et al. [98] have reported a positive strain rate sensitivity for Ti-based
and Nb-based metallic glasses. Hufnagel et al. [65] and Li et al. [92] have shown the
yield strength of Zr-based metallic glasses to decrease with increased strain rate.

The conflicting experimental results on the strain rate dependence of BMGs suggest
that the effect of strain rate on the yield strength of bulk metallic glasses is still a
controversial issue. What is more, a commonly accepted theory is lacking for such
rate dependence behavior of BMGs.

In order to obtain a better understanding of the nature of the deformation mecha-
nism at relatively high strain rates ( ~ 10% s7! ), and of the strain rate dependence of
BMGs, in this work we have investigated the quasi-static and dynamic behavior of Zr-
based and Hf-based metallic glasses. We have used uni-axial compressive loading to
examine the mechanical behavior at various strain rates. The strain rate dependence

of these BMGs has been discussed from an energetics point of view.
2.2 Materials and Experimental Procedure

Four different BMGs of compositions Zrs;Ti5CusgNigAlig, Zr59.5115CU17.9N114.6Al10,
H f505T15CU17.9N114.6Al10 and Zrss Al1gNisCusgwere prepared using melt-suction cast-

ing method [50]. The as-cast cylindrical rods were cut into samples with dimensions
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®3x 6mm for quasi-static and ®3 x3mm for dynamic loading using electrical discharge
machining. The loading surfaces of the specimens were well polished to ensure the
parallelism of the two faces. Quasi-static uniaxial compression tests were conducted
on a servo-hydraulic MTS system using displacement control to ensure 1 x 1073571
strain rate.

Kolsky bar (or Split-Hopkinson pressure bar) technique was used to measure the
dynamic compressive properties of the BMGs. High strain rate in the order of ~
103s™! was reached during the tests. Figure 5 provides a schematic of the Kolsky
bar system used in this work. In these high-strain rate experiments, the specimen is
sandwiched between the input bar and output bar with two WC platens. A projectile
is launched by pressurized gas to strike one end of the input bar so as to produce
a stress wave that travels down the input bar. When the stress wave arrives at the
interface between the specimen and the platen, part of the wave will be reflected back
into the input bar, and part of the wave will be taken up by the specimen to cause
deformation or failure of the specimen. A few reverberations of the stress wave within
the specimen will eventually lead to equilibrium condition. Another part of the wave
will transmit through the specimen to the output bar. Strain gages are attached to
the input and output bars to measure the wave signals which are recorded with an
ultra-fast, multiple-channel oscilloscope through a wheatstone bridge to amplify the
wave signal. Wave signals can be used to analyze the stress and strain information
of the samples. As demonstrated by Figure 6, it is a typical strain-gage signal from

a compressive Kolsky bar test of metallic glass. The input wave, transmitted wave

and reflected wave are marked in the figure. After applying the strain gage factor
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and the wheatstone bridge input voltage to the wave signals, the input, transmitted
and reflected waves can be denoted as ¢;, €, and ¢,.. Then the engineering stress and

engineering strain can be calculated based on those waves by the following equations.

ApE
op = OAogt (5)

t t
20t
gE:/ édt:/ QO g (6)
0 0 L

where the Ay and Ej are the cross section area and the elastic modulus of the bar

respectively; A is the cross section area of the specimen; c¢q is the wave velocity
travelling through the bar and L is the length of the specimen. The details of the
working principles and data processing methods can be found in a recently published
monograph [12]. Brief descriptions of the Kolsky bar technique can be found in Refs.
[36, 120].The ends of the bars, the platens and the loading faces of the specimens
have all been carefully conditioned to avoid unwanted stress concentrations during
high strain rate loading of the specimens. The post-loading specimens were examined
with scanning electron microscopy (SEM) to identify the deformation and fracture
mechanisms of those BMGs.

In order to access the materials behavior over a wide range of strain rates, an MTS
hydro-servo machine was used to examine the mechanical properties at various quasi-
static strain rates for the Zrs5Al;gNi5Cusg bulk metallic glass. The strain rate range
is set up from 5 x 107°s7! to 1 x 1072s~!. Tungsten carbide platens were used during

the compression experiments to protect the cross heads from damage.
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Figure 5: Schematic of the Kolsky bar system for the high-strain-rate mechanical
testing. The projectile, input bar, output bar and the momentum trap are all made
of the same ultra-strong maraging steel with the same diameter of 7.86mm. A heating
unit is also attached to this sytem to invetigate the coupled thermal and strain rate
effect on materials mechancial behavior.

2.3 Experimental results

Figure 7 shows the typical quasi-static and dynamic compressive true stress-strain
curves for the four different metallic glasses. From the quasi-static curves, we can see
that some of the metallic glasses deform elastically to 2% elastic strain, followed by
plastic flow without any strain hardening. In other words, nearly elastic-perfectly-
plastic behavior has been observed from the quasi-static stress-strain curves. The
plastic part of the stress-strain curves exhibits serrated flow, which suggests the for-
mation of multiple shear bands during quasi-static compressive loading. In contrast,
all the dynamic stress-strain curves show that the specimens fracture right after the
elastic deformation, and the plastic strain is almost zero. The dynamic stress-strain
curves shown in this work are similar to those reported by Hufnagel et al.[50] and
Bruck et al.[7]. The experimental results of the uniaxial quasi-static and dynamic
compressive tests presented in Figure 7 indicate that the dynamic fracture strength

is lower than that under quasi-static loading condition for each individual BMG. The



24

— CH1
—CH2

Input Wave

20 Transmitted Wave

10

Voltage(mV)

-20 4

Reflected Wave

-30 T T T T T T T T T 1
-15000 -14900 -14800 -14700 -14600 -14500

Time (us)

Figure 6: A typical strain-gage data after signal conditioning and amplification from
the compressive Kolsky bar experiment of metallic glasses showing the three stress
waves measured as a function of time.

strength has dropped by 10-20% under dynamic loading, suggesting a negative strain
rate sensitivity for these BMGs under uniaxial compressive loading.

Post-loading specimens were examined by SEM to reveal the deformation and frac-
ture mechanisms. Figure 8 shows the fracture angle of post-loading metallic glass
(Zrs5 Al NisCusg) under quasi-static compressive loading condition. The angle is
measured between the fracture surface and the loading axis. The angles from all
the quasi-static fracture surfaces are measured to be about 41°. On the other hand,
under dynamic uniaxial compression, no constant value for the fracture angle can be
identified. Figure 9 shows the fracture surface of a quasi-static post-loading BMG

specimen(Zrss AljgNisCusg). We can see that the fracture surface is quite flat (Fig-



25

2500 : : : : : : : :

—a— Zr55QS
—e— Zr57QS
Zr52.5QS
—w— Hf52.5QS
Zr55DY
—4— Zr57DY
—»— Zr52.5DY
—eo— Hf52.5DY

True Stress (MPa)

0 . . : . : .
0.00 0.01 0.02 0.03 0.04 0.05

True Strain

Figure 7: Quasi-static (QS) and dynamic (DY) uniaxial compressive stress-strain
curves of three different metallic glasses. The dynamic curves are offset with 1% strain
for a better view. Serration in plastic flows have been observed from some of the QS
curves. For the dynamic experiments, specimens have failed right almost immediately
after elastic deformation. Notice the lower strength under dynamci loading vis-a-vis
the quasi-static loading.

ure 9 (a)) and the vein-like pattern is uniformly distributed (Figure 9 (a)). There
is an apparent flow direction of the vein-like pattern which is also reported by other
researchers[183]. Compared to the quasi-static specimen, the fracture surface of the
dynamic sample is more uneven, as is shown by Figure 10(a) for a dynamic specimen
of the same BMG material (Zr55Al10Ni5Cusg). Figure 10(b) shows that the distribu-
tion of the veinlike pattern is non-uniform. Also, there is no obvious flow direction of
the vein-like pattern. Evidence for numerous areas that have probably gone through
melting is visible on the fracture surfaces of the dynamically loaded specimens. Some

of such areas are marked by arrows in Figure 10(b). Such evidence suggests that
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very significant temperature rise has taken place locally in the specimen during the
dynamic loading. These observations are in line with the experimental results of Refs.
[102, 184]. Under both quasi-static and dynamic loading conditions, light emissions

were observed from the samples.

Figure 8: The fracture surface angle of the Zrs5 Al1gNisC'usg bulk metallic glass tested
under quasi-static compressive loading condition.Loading is approximately horizontal.
It shows that the fracture angle ( the angle between the fracture plane and the loading
axis) is measured to be 40.90°. See the text for discussion on the significance of this
fracture angle.

In order to assess the mechanical behavior, particularly the strain rate dependence
of BMGs over wider strain rate window, we have measured the compressive behavior
of the Zrs5 Al1gNisCusg bulk metallic glass at different strain rates. The strain rate

is controlled by the speed of the cross head displacement of the MTS machine. The

fracture stresses of Zrs5AligNisCusy together with those of the other three bulk
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Figure O: Post-quasi-static loading images of a representative sample
(Zr57TibCu20Ni8AlL0).  (a) Low-magnification, overview of the fracture sur-
face, showing relatively flat fracture surface with uniform distribution of the vein-like
pattern; (b) the enlarged view of the vein-like pattern showing a clear flow direction
without any obvious evidence of local melting.

metallic glasses are plotted versus the strain rate in Figure 11. From the results
presented in this figure , we can see that the fracture strength of tested bulk metallic
glasses increases with increasing strain rate within the quasi-static region. But when
the strain rate in increased into the dynamic region, the fracture strength decreases.

In summary, our experimental results show that within the quasi-static loading rate
regime, the BMGs investigated in this work all exhibit positive strain rate dependence.
That is, the strength increases with the imposed strain rate. However, under dynamic
loading, the strength of these BMGs decreased compared to the quasi-static strength.

Such behavior calls for a consistent interpretation.
2.4 Discussion
2.4.1  Serrated flow under quasi-static compressive uniaxial compression

During uniaxial compressive experiment at a constant displacement rate, the load-

ing rate is a non-linear function of time, which leads to the stress serration after
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Figure 10: Post-dynmaic loading images of a representative sample
(Zr57TibCu20Ni8AlL0).  (a) Low magnification, overview of the fracture sur-
face, revealing uneven fracture surface with scatted vein-like pattern; (b) the
enlarged view of the vein-like pattern showing no clear flow direction.

yielding as shown on the true stress-strain curves (Figure 7). Each serration dur-
ing the experiments corresponds to the formation of a shear band. There are many
prior reports about the serration of flow during the mechanical loading of metallic
glasses. For example, Kimura and Masumoto[78] have studied the serration flow dur-
ing compressive loading of Pd-16Si-6Cu metallic glass, and they found the serration
amplitude (do) was related to the strain rate. Wright et al.[165] also reported the
load serration during the compressive test of a Zr-based bulk metallic glass.

In order to find out where on the stress-strain curve the first stress serration oc-
curred during the compressive experiments, the load-time history was investigated.
The earliest or the first load serration was found during the lowest strain rate (5 x
107°s™!) compression with stress at around 1500MPa as shown in Figure 12(a). This
stress value is much lower than the flow stress shown on the stress-strain curve. It is
also found that the first load serration happens at different point at different strain

rate. As shown in Figure 12(b), the true stress corresponding to the first load ser-
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Figure 11: The fracture strength of four different bulk metallic glasses versus the
imposed strain rate. The strain rate axis is plot as logarithmic scale. It can be
seen that for the Zr55 specimen which has been tested over a wide range of strain
rate, a positive strain rate sensitivity is identified within the quasi-static strain rate
window, while high strain rate strength is lower than all the quasi-static strength
values, indicating a negtive strain rate dependence in the dynamic loading regime.

ration is plotted as a function of the imposed strain rate. It should be advised that
in this figure, both axes are in logarithmic scale. It is found that the value of the
stress at the first load serration increases with increased strain rate. But, this trend
does not suggest the serration happens at higher stress when strain rate is high; the
disappearance of the serrated flow at low stress state with high strain rate is because
the local strain rate during the serration is less than the imposed strain rate, and the
load jump is overcome by the imposed strain. Schuh et al.[132] have reported the
flow serration that happened at lower loading rate during the nanoindentation tests,

but a continuous load-displacement curve was observed when the loading rate was
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high. Kimura and Masumoto|78] also reported that the load serration was completely

suppressed when the imposed strain rate is higher than 3 x 107257,
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Figure 12: (a) The first load serration during the quasi-static compressive experiment
at a strain rate of 5x 107551, The corresponding true stress at this first load serration
( or load drop ) is 1450MPa. (b) The true stress corresponding to the first load
serration vs. the imposed strain rate. The true stress and strain rate are both plot
in logarithmic scale.

Figure 13 is a typical compressive true stress-strain curve at a strain rate of 5 x
10~*s7!. The maximum stress was measured to be about 1.8GPa, and this value

of 0mae agrees with the fracture strength reported in the literature[69] for the same
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material. If we enlarge the yield section of the stress-strain curve, it then shows
that the curve bends after it passes the elastic limit, and the yielding occurs at a
lower stress level which is about the value corresponding to the first load serration.
According to Song et al.[144], the flow serration in bulk metallic glasses can be divided
into two stages, and the intersection of the extended elastic curve and the stress
plateau is used to represent the demarcation line between the two stages. Notice
that the bend in the stress-strain curve from stage 1 to stage 2 in Figurel3 was not
caused by any strain hardening mechanism, but is because of the formation of shear
bands. The investigation of the relative displacement-time curve of the Zr-based
bulk metallic glasses has been summarized by Figure 14. Experimental results show
that the transition from stage 1 to stage 2 always takes place at the same strain,
€ ~ 0.019, which is independent of the imposed quasi-static strain rate. In the left
hand side of Figure 14, we have plotted the displacement bursts versus the strain,
where the dash line was drawn to indicate the separation of stage 1 from 2. In the
right hand side of Figure 14, we have plotted the offset speed for each displacement
burst event, and the unit is um/s. Here a dash line was also drawn to indicate the
stage 1 and 2. The displacement burst was found to increase with increasing strain,
and the burst size is independent of strain rate. The magnitude of the displacement
bursts ranges from 0 to ~4um. This measurement results agrees with measurements
provided in Ref.[144]. We should point out here that although the trend is almost the
same for the displacement burst size at different strain rates, the population of the
displacement bursts is reduced in stage 1 with increasing strain rate. With the highest

strain rate(1 x 1072s71), displacement burst has almost disappeared in stage 1. As we
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have discussed previously, with increasing strain rate, the first loading serration takes
place at a higher stress level, and this is caused by the higher speed of the cross-head
during the compressive loading process. At a strain rate ¢ = 1 x 1072571, the speed of
the cross-head is about 60um/s, which is equivalent to the displacement burst speed
of the individual shear band in stage 1 shown in the left hand side of Figurel4 with

a lower strain rate.
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Figure 13: True stress-strain curve for the Zr-based BMG under uniaxial compression
at a strain rate 5 x 107571, Serrated flow is obvious. The plastic portion of the stress-
strain plot has been enlarged in the right hand side plot to see the flow serration more
clearly.

The shear band propagation speed is calculated based on the displacement-time
curves, and all the values are plotted in the left hand side of Figure 14. It clearly
shows that, when the strain rate is low, the speed of the shear band propagation was

around 100um /s, which is lower than the speed of 800um/s measured by Song et
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al.[144]. But at the highest quasi-static strain rate we have attempted, the largest
displacement burst has a speed of 5000um/s, and this value is comparable to the
speed measured by high-speed camera[146].

To further understand the deformation mechanism during the quasi-static com-
pressive loading of bulk metallic glasses, the adiabatic temperature rise caused by the
serrated flow and the fracture process needs to be discussed. The temperature rise
caused by the plastic shear during the compressive loading can be calculated by the

following formula[90, 23]:

ATO  [aAt
AT ==\ (7)

In the above equation, v is the velocity of the plastic shear displacement. Since
the angle between the shear band and the loading axis is about 41°, the value of
¥ in this equation should equal to cos(41) times the speed values in the left hand
side of Figurel4. \ is the thermal conductivity (in Wm™'K~!) and « is the thermal
diffusivity(in m2s™!), and At is the escape time of an individual serration. The
thermal conductivity can be represented as A = apc,, where p is the density of the
metallic glass, which from Table 2, for the Zr-based metallic glass is 6.84g/cm?, ¢, is
the specific heat estimated to be 380Jkg~'K~! for Zr-based BMGs[23]. Table 3 has
listed the temperature increase during the serratted flow corresponding to different
strain rates. Calculation results of the temperature change show that the temperature
effect during the shear banding event can be neglected since the temperature increase

is very small.
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Table 3: Calculated temperature increase of Zr-based bulk metallic glasses associated
with a serration event at room temperature at different quasi-static strain rate.

Strain Rate At(ms) v(um/s) AT(MPa) AT(K)

1/s Stage 1 | Stage 2 | Stage 1 | Stage 2 | Stage 1 | Stage 2 | Stage 1 Stage 2

5x 107° 60 20 7.4 140 7.4 42.18 1.63x 1073 | 1.01 x 10T
1x107% 60 20 5.29 113 5 33 8.81 x 10~% | 6.41 x 102
5x 10~ % 40 10 11 133 5.6 27 1.50 x 10=3 | 4.36 x 10~ 2
1x 1073 10 5 40 136 5.77 12.9 2.80 x 10~3 | 1.51 x 102
5x 1073 2 2 111 310 1.65 10 9.95x 10~% | 1.68 x 10~2
1x 1072 N/A 0.65 N/A 1400 N/A 16.7 N/A 7.24 x 1072

Taking the sample’s shear angle of 40.9° measured from Figure 8 and the shear
band thickness to be about 10nm [50], the shear strain rate during the shear banding
event can be calculated, where propagation of the shear bands is represented by the
displacement burst events. The local shear strain rates associated with these shear
banding events are calculated to be from 1 x 102571 to 4 x 10%s~! for all the serrated
flow events. Knowing the shear strain rate and the shear stress within the shear

band, the viscosity inside the shear band can then be calculated with the following

equation:

T ocosfsind (8)
= 4 (AL/cost) | Atd

where o is the applied stress, 6 the shear angle, AL and At the displacement and
the time of the burst events, respectively, and d is the shear band thickness. A typical
viscosity versus strain relationship is plotted in Figure 15. We can see that there is
a general trend in that viscosity decreases as the compressive strain increases. This
trend indicates that the shear resistance decreases with increased strain. According to
Song et al.[144], this apparent strain softening effect of metallic glass is caused by the
random shear events during Stage 1. However during Stage 2, shear band formation

is preferred on an existing shear band in the BMG sample. Figure 16 shows an SEM
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image of post-loading surface of the Zr-based bulk metallic glass. Two shear bands can

be clearly observed, and they intersected each other. Apparently one shear band has

formed first, followed by the other one, whose formation has caused the shear offset of

the first shear band. The offset magnitude was measured to be 12um. If we consider

the shear angle of the Zr-based metallic glass, 40.9°, the total offset in the loading

axis direction should be about 9pum. This value is larger than any displacement burst

from our data, which indicated that, several shear bands have formed in the same

location. Since during the quasi-static compressive loading, the shear band forms

individually, the offset observed on Figure 16 is a result of preferential shear band

formation on an existing shear band.

At different imposed quasi-static strain rates, the viscosity within each shear band
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during each burst event was calculated using Equation 8. The viscosity is within the

range of 2 x 103 — 7 x 10° Pas, which is quite low. Such low viscosity values are in a

similar range to those measured at the temperature in the supercooled liquid region

of Zr-based metallic glasses[105]. However, it is noted that the experiments here were

all performed at room temperature, which is only 0.437}, well below the supercooled

liquid region. As we have discussed above, the temperature increased within the shear

band was calculated to be less than 1K, which means the low viscosity is a result

of the local stress introduced structure change.

Recently, simulation results have

suggested that, the shear stress induced structure evolution inside the shear band has

a consequence similar to the temperature-induced structure evolution[129].
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Figure 14: The displacement burst during the compressive test of Zr-based metallic
glass (Zrs5AligNisCugp) at different quasi-static strain rates.

2.4.2  Strain rate sensitivity of bulk metallic glasses at quasi-static strain rate

The plastic deformation of crystalline metals is generally considered to be a ther-
mally activated process. According to the Arrhenius-type equation for the thermally

activated processes at large[80], the shear strain rate 4 can be written as

= e () )

where AG is the activation energy to initialize the plastic flow, k is the Boltzmann
constant, 1" is the absolute temperature, and the 7y is a constant (the pre-exponential

factor). And according to the cooperative shear motion(CSM) model proposed by
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Figure 15: Viscosity in the shear band during the uniaxial compressive experiments

as a function of the compressive strain at an imposed strain rate of 5 x 1075571,

Johnson and Samwer[68] , the activation energy AG = 4RGyy2(1 —7/7¢)%/2¢Q. The
parameters Gy and 7¢ are the shear modulus and the threshold shear resistance of the
metallic glasses at 0 K and R and ( are constants and their values are 1/4 and 3[68],
respectively. The factor v¢ is the average elastic limit with a value of about 0.0267[68].
The activation volume of the plastic flow can be defined in terms of the derivative
of activation energy with respect to the shear stress [150], v* = —(0AG/0T)r. We
have measured the fracture surface angle of the quasi-static compressive samples to
be less than 45°, which means the fracture does not happen along the maximum shear
stress plane. Then we can believe that the critical shear stress should depend on the

normal stress component according to the Mohr-Coulomb criterion. But the normal
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Figure 16: SEM image of the quasi-static loaded Zr-based metallic glass
(Zrs5AligNisCugg) sample. Shear band A formed after shear band B, which caused
the shear offset of shear band B with a distance of 12um.

stress dependence coefficient is about 0.07 [183] under uniaxial compressive loading,
which can be neglected. In this case the activation volume in the CSM model can be

represented as:

=

(10)

or TC

. (8AG> 6RGovE. (1 — %) Q2

v = — =
As we have described previously, the strain rate sensitivity of a viscoplastic ma-
terial can be calculated by Equation 4. Furthermore, the relationship between the

strain rate sensitivity m and the activation volume of the plastic low v* is show as

follows:[161]

kT

TU*

(11)
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Under uniaxial compressive loading, the yield stress o, = \/§Ty. Then by combining

Equations 10 and 11, we can represent the STZ volume as:

Q= ucl (12)

2\/§Rf—cofy%m(ay (1 — L)

TC

[V

The critical yield shear stress of the metallic glass at temperature T can be ex-
pressed as 7 = (Yoo — Y01(T/T,)?/?)G, where v and ¢y are two constants, and
curve fitting of data from other metallic glasses data gives the values as yo9 = 0.036
and yo1 = 0.016[68].The shear modulus, G, only has a weak temperature depen-
dence.Then we have 7/7¢ = 0.742 and Go/7¢ = 27.78. The yield stress of the speci-
men is taken from the average value of all the quasi-static tests, and o, = 1634 MPa.
Since the activation energy defined in the CSM model is the energy needed to initialize
the plastic flow, instead of the fracture stress, the yield stresses of Zrss NisAligCusg
are plotted in Figure 17. The yield stresses are plotted vs. the quasi-static strain rate,
and both axes are in logarithmic scale. A simple curve fitting is performed to these
data points, and the slope of the curve is found to be 0.022, which means the strain
rate sensitivity of ZrssNisAligCusgg is 0.022. Taking this value together with other
parameters into Equation 12, we can calculate the volume of the shear transformation
zone to be Q = 4.404nm?3.

According to Ref.[16], the average atomic radius of the metallic glasses is about
1.459 A. The number of the atoms inside one individual STZ size can then be calcu-
lated to be N = 3Q/4mrr® = 338. This measured STZ volume with about 300 atoms

is in good agreement with the theoretical analysis[68] and the simulation results from
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[185, 114]. For the same material, Pan et al.[128] also measured the average size
of STZ using nanoindentation method, and we can see that their STZ volume of
Zr55NigAligCusg is lower than the value from this study. This might be because
the yield stress of the work of Pan and co-workers in Equation 12 is derived from the
nano-hardness value with a confinement factor of 3, which may overestimate the yield

stress of the material, lead to a lower value of the STZ volume by Pan and co-workers.

2000 —r—r—rrr ———ry ——rr
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Figure 17: Logarithmic yield stress vs. logarithmic strain rate of Zrs;NisAligCusg
metallic glass based on the quasi-static uniaxial compressive experiments. The SRS
value is given as the m value shown in the figure.

2.4.3  Negative strain rate sensitivity based on dynamic experiments

Two alternative mechanisms for the initialization of the shear bands in metallic
glasses have long been proposed: the structural changes and the localized heating[50,

90, 68, 13|. Temperature increase during the shear band mediated plastic deforma-
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tion has been reported[50, 90]. Hufnagel and co-workers reported that light emission
occurred during the dynamic experiments, which suggests that the lower fracture
stress of dynamic test was caused by adiabatic heating. However, during the mechan-
ical loading experiments of this thesis work, we have observed light emission both in
the quasi-static and dynamic experiments. This indicates that significant adiabatic
temperature heating might not be involved, at least under quasi-static loading, as
the time scale there is sufficient for the heat to be dissipated out of the specimen
under such conditions. From the point of view of structural changes, Argon et al.[2]
proposed shear transformation zone as a basic plastic deformation unit of metallic
glasses. In this context, the yielding strength of a metallic glass should be related
to the average energy barriers of the STZs. Based on the STZ concept and ther-
modynamics and kinetics of a general plastic flow process, Johnson and Samwer[68]
proposed a cooperative shear model to predict the various correlations associated with
the plastic deformation of BMGs. In their model, it is suggested that if the energy
input by the external force is equal to the energy barrier of the STZ, yielding should
occur right after the first STZ becomes unstable. A universal law for shear yielding

of metallic glasses is given by|[68]:

T 2/3
kGOT—l WQ) (13)

Tcr =Tco —Tco |\ 5~ n—-
(5 GOTg T, Cv
In the above equation, 7o is the shear yield stress at a finite temperature T, 7

the shear yield stress at 7' = 0K, 7 the shear strain rate which is introduced by

the external force, T, the glass transition temperature, k£ the Boltzmann constant
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and wy the attempt frequency. Gor/ Gor, is the ratio of the shear modulus at finite
temperature 7" and at 7j;. Parameters C' and [ are some constants.

According to Equation (13), the yielding shear stress is determined by the temper-
ature of the STZ (7T') and the shear strain rate (¥) applied to the STZ. In our case,
if we assume no notable thermal effect during the initialization of shear band, the
temperature 7" will not change, and the only dependence of the yielding shear stress
will be related to the applied shear strain rate. For uniaxial compression experiments,
the shear strain rate can be replaced by 2¢, and when the strain rate increases, the
shear yield stress will increase based on Equation (13). In other words, a positive
strain rate sensitivity is predicted by Equation (13) if adiabatic thermal effect is not
included. Even though the explanation is more or less phenomenological, without de-
tails of the atomic processes involved in the formation and evolution of STZs, it does
provide some insight into the visco-plastic behavior of the BMGs under quasi-static
loading. Our results of the quasi-static experiments can therefore be interpreted using
this cooperative shear model as we have discussed in section 2.4.2.

However, results from our Kolsky bar experiments show consistently that the frac-
ture stresses of the investigated BMGs have decreased compared to the fracture
stresses of the same materials at quasi-static strain rate. This is unlikely to be due
to the stress-concentration effects from irregularities of the specimens and the elastic
bars, since first the data is quite consistent and reproducible and secondly we have
carefully conditioned both the specimens and the elastic bars before dynamic loading.
In this case, apparently the CSM model proposed by Johnson and Samwer [68] cannot

be used to explain the dynamic behavior of the BMG materials investigated. Other
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factors and effects should be taken into account when considering the constitutive
behavior of BMGs within this strain rate regime. The uneven fracture surface shown
in Figure 4 reveals that the failure process did not start from one location. Under
dynamic loading, the stress level inside the specimen increases so rapidly that many
defect sites can initiate shear band simultaneously, or even cracks can be formed
right after the initialization of the shear band. Li et al.[92] argued that the decreased
fracture strength of metallic glasses is caused by the concurrent processes of the for-
mation of those shear bands and the cracks within the BMG sample. But as we have
discussed previously based on the CSM model of Johnson and Samwer[68], the yield
strength of a metallic glass can be treated as the average strength of the STZ barriers,
and therefore the simultaneous formation of shear bands may not necessarily decrease
the yield strength of the specimen. This can also be inferred from the absence of any
serrated flows of the high strain rate stress-strain curves presented in Figure 7.
Recently, Liu et al.[101] have proposed that each STZ can be treated as a heat
source for the nearby STZ. The elastic energy stored inside the STZ before yielding
will be transformed into heat when yielding occurs under high strain rate loading.
Since the short time scale allows little or no heat to be dissipated into the surround-
ings, there will be a thermally affected zone(HAZ) with a size similar to that of the
STZ. The adiabatic temperature rise caused by the energy release inside the shear

band can then be expressed as[101]:

Qn~2?
AT_C Y

8Ky

(14)
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where ( is a correction factor, €2 the STZ volume, n the viscosity of the STZ, « the
thermal conductivity and r( the radius of the STZ. The value of ( can be taken to be
2-4[68], and the STZ volume is about 5 x 1072"m3[128]. The viscosity of the STZ at
room temperature can be assume to be the viscosity of a solid which is 10° Pa - s and
K is about 20W/(m - K) and ro = 10~2m. If we plot the temperature increase versus
the shear strain rate, we can observe that when the shear strain rate is less than
~ 103571, the temperature increase will be very limited. However, when we further
increase the shear strain rate, the temperature increase will become noticeable, and
the localized temperature will be greater than 7,. At this point, the metallic glass
has entered into the super-cooled region, and the viscosity value in Equation (14)
will be decreased precipitously. As is well known the viscosity of a metallic glass
can be expressed by n = noexp (DTo/(T — Ty)), where 1y is the viscosity limit and
D is a constant. After the change of viscosity, the temperature increase will slow
down again. Because of the noticeable temperature increase which brings the local
temperature into the super-cooled region of the metallic glass, the strength should
also experience a sudden drop. If the adiabatic temperature rise effect is considered in

the constitutive description of the materials, Equation (13) can be rewritten as[101]:

k Gor T, + CQnoexp(l;Zng/ngTTo)Wzl Wo 2/3 (15)
Tor = Too — T — n—-
cT co Co 5 GOTg Tg C’}/

This equation predicts that at dynamic (high) strain rate, the adiabatic tempera-
ture rise associated with the STZs will render the strength of the BMG to become

lower. In other words, under high strain rate loading, a negative strain rate de-
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pendence should be expected because of local adiabatic heating. From Figure (10),
we can see that the fracture surface of the dynamic specimen has many melted ar-
eas which are largely missing from the quasi-static specimen. Such facture surface
features further confirm that the local temperature increase is much larger during
dynamic loading than that of quasi-static loading, which leads to a lower fracture

strength.
2.5 Summary and concluding remarks

In this chapter, the uni-axial compressive plastic deformation behavior of four dif-
ferent Zr /Hf-based metallic glasses has been characterized at quasi-static and dynamic
strain rates to investigate the strain rate dependence of these BMGs. Serrated plastic
flows during the quasi-static compressive experiments suggest that individual shear
band formation at each serration is the primary mechanisms of plasticity of these
BMGs. Local temperature increase can be neglected from the calculated results for
quasi-static loading. Localized decreasing of viscosity is caused by the stress induced
structural change. We have found that the high strain rate compressive fracture
strength is lower than that of quasi-static strain rate for all the specimens investi-
gated. However, multiple strain rate quasi-static compressive experiments point to
positive strain rate sensitivity . Therefore we have envisaged a change in the deforma-
tion mechanism at high strain rate which involves significant local adiabatic thermal
effect. Fractography of the dynamic samples shows numerous areas that might have
gone through local melting. We have adopted a modified cooperative shear model

proposed recently by Liu and co-workers [34] to provide a consistent explanation
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of the experimental observations. This model suggests that in the low strain rate
regime, the temperature increase inside the STZ is insignificant, and the shear rate
dominates the yield stress of the materials, which leads to a positive strain rate de-
pendence within the quasi-static loading regime. However, when the strain rate is
increased into the dynamic regime, the temperature will increase very quickly within
some local regions(STZs and their close neighboring areas) and eventually reach the
glass transition temperature of the metallic glass. This will decrease the local viscos-
ity of the material and lead to decreased fracture strength under dynamic loading,

thus an apparently negative strain rate sensitivity.



CHAPTER 3: UNIAXTAL COMPRESSIVE BEHAVIOR OF BULK METALLIC
GLASS UNDER ELEVATED TEMPERATURE

3.1 Introduction

The mechanical properties, including strength, ductility and plastic deformation
mechanisms of bulk metallic glasses(BMGs) have attracted considerable attention
and interest from researchers in recent years since these materials exhibit numerous
attractive properties[135, 52, 158, 156]. Previous research results suggest that the
mechanical behavior of metallic glass depends on the environmental temperature and
the imposed strain rate. At low temperature (in the context of the temperature
compared to the glass transition temperature), the material would present inhomo-
geneous deformation (see the general discussion in Chapter 1), and the strain rate
effect is different during the quasi-static region and the dynamic region. For the high
temperature properties of metallic glasses, Lu et al.[105] have reported a transition
from inhomogeneous to homogeneous deformation for Vitreloy 1 when the testing
temperature was increased beyond a certain level, and they also found a transition
from Newtonian flow to non-Newtonian flow when the strain rate is increased beyond
a critical value.

Generally speaking, the plastic deformation mechanism of metallic glasses can be
classified into two modes, namely, homogeneous and inhomogeneous deformation.

As the temperature increases, a metallic glass can exhibit homogeneous plastic de-
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formation, showing considerable inelastic strain. In the past decades, homogeneous
deformation of several metallic glasses around their glass transition temperature were
investigated. Kawamura et al.[73, 72] performed some high temperature tensile tests
of ZrgsAligNiigCuis and LassAlasNisg metallic glass ribbons. Instead of inhomo-
geneous deformation at room temperature, the tensile test of those metallic glass at
glass transition temperature has revealed large plastic strain accompanied by neck-
ing. Uniaxial compressive experiments have been performed by Kato et al.[71, 70]
on Zrss AligNisCusg and PdyNi19Cuzg P within their homogeneous deformation
regime. However, the strain rate was limited to the quasi-static range, and less data
on the mechanical behavior of metallic glasses at elevated temperature at high strain
rate is available.

In order to describe the plastic deformation behavior of bulk metallic glasses, sev-
eral models and theories have been proposed. Argon developed a model based on
the notion of shear transformation zone (STZ), to describe the homogeneous and in-
homogeneous flow of Pd-Si metallic glass[2]. Spaepen[147] proposed the free volume
concept based on the pioneer work of Turnbull and Cohen[151, 17, 152, 153], and
attributed the free volume creation and annihilation to the applied stress and diffu-
sion, respectively. The free volume concept will be discussed in detail later. Kato et
al.[70] adopted a simple model based on the fictive stress to simulate the stress-strain
behavior of metallic glasses at elevated temperatures. Based on the shear transforma-
tion zone model, Johnson et al.[68] has developed a cooperative shear model(CSM)
to describe the relationship between the yield stress, temperature and the strain rate.

In this chapter, we will investigate the mechanical behavior of the Zrs5 Al1g NisCusg
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metallic glass with wide ranges of temperatures and strain rate (both quasi-static and
dynamic strain rates). Quasi-static uniaxial compression will be conducted with the
MTS high temperature test system. High strain rate and high temperature uni-
axial compression experiments will be performed with an improved synchronically
assembled heating system along with the Kolsky bar system. The homogeneous de-
formation behavior was discussed and simulated with the free volume model, and the

relationship between the temperature and the failure stress will also be discussed.
3.2  Experimental procedures

To establish a comprehensive understanding of the mechanical behavior of the
bulk metallic glasses, in this chapter we will examine their mechanical properties over
a wide rang of loading rates and temperatures. In what follows, we will describe
the experimental details of the work, including the quasi-static loading experiments,
dynamic loading experiments with Kolsky bar technique facilitated with a heating

unit, and the associated cold contact time issue.
3.2.1  Quasi-static loading experiments

The quasi-static compression (strain rate 1073s7!) experiments were performed on
an MTS 810 hydro-servo loading system. The Model 680 high temperature hydraulic
grips were used to perform the high temperature tests. Tungsten carbide platens were
inserted into the ends of the grips to protect the grip surface from damage under
the high stress level. The Model 652 high temperature furnace with the MIC2000
controller system was used to heat up the samples during the tests. The heating

speed was controlled to be at 20K /min and the temperature was held at the target
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point for about 2 minutes before applying the load. A K-type thermocouple is placed
next to the specimen located at the center of the furnace to ensure the accuracy of
the temperature measurement. Due to the thermal lag between the furnace and the
sensor, temperature overshoot and undershoot may be unavoidable, especially at the
moment when a target temperature is reached. However, with the MIC 2000 PID
controller, the temperature fluctuations could be reduced. The metallic glass rods
were cut with a low speed diamond saw into compression specimen with dimensions
of 3.0x6.0mm(6.0 mm is for the gauge length), so that the length-to-diameter aspect
ratio is close to 2:1. The loading faces of the specimens were carefully polished using
1200 grit polishing paper before mechanical loading to ensure the parallelism of the
two faces. The interface between the loading faces and the compression platens were
carefully lubricated to mitigate friction with high temperature lubricant. The strain
rate was controlled by the crosshead speed, and the strain was calculated based on
the displacement of the crosshead and therefore we did not attempt to derive the
elastic modulus from such quasi-static compression due to the machine compliance

issue.
3.2.2  Dynamic loading experiments

Th traditional Kolsky bar system (or split Hopkinson pressure bar) shown as Fig-
ure 5 has been widely used to investigate the dynamic or high strain rate mechanical
properties of materials at room temperature. But in many important applications,
knowledge of the mechanical behavior of the material at elevated temperatures is

important. Compared to measuring the dynamic mechanical properties of materials
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at room temperature, high strain rate testing at elevated temperatures with the Kol-
sky bar technique becomes challenging. The major difficulty is how to avoid heating
up the elastic bars before the loading wave arrives at the specimen/input bar inter-
face. Equation 5 has demonstrated that the stress wave profiles obtained from Kolsky
bar experiments are related to the Young’s modulus and mass density of the elastic
bars (the elastic modulus and the mass density together determine the mechanical
impedance of the material). In a traditional high temperature Kolsky bar system, the
specimen is usually sandwiched between the two elastic bars (the input and output
bars), and the furnace will heat up the specimen together with the ends of the two
elastic bars. But, from the research results of Latella and Humphries[82], the Young’s
modulus of 2.25Cr-1Mo high strength steel decreased from 212.4 GPa at room tem-
perature to 169 GPa at 600°C'. In order to avoid the significant temperature increase
within the elastic bars, various methods have been proposed. Liu et al. placed two
water tanks in the middle part of the two elastic bars to decrease the heat effect of
the whole bars[100]. Although this method can decrease the temperature within the
elastic bars, the two ends of the elastic bars were still within the furnace, and tem-
perature effect will still be a problem within that section. In order to prevent or at
least mitigate the preheat of the elastic bars, researchers have been trying to use some
advanced techniques to bring the bars in contact with the specimen right before the
stress wave has arrived at the interface between the specimen and the incident bar.
Nemat-Nasser and Isaacs [121] at the University of California at San Diego (UCSD)
applied the UCSD technique to a traditional Kolsky bar system; Lennon et al. [86]

has simplified the UCSD technique by using a gas-pressure-driven system instead of



93

the stiff-bar-driven system of the UCSD design. The technique used in this work is
based on the design of Lennon’s work.

Although the synchronically assembled heating system which can in principle bring
the bars into contact with the specimen shortly before the stress wave reaches the
end of the incident bar, a critical issue with this system is how to control the time
gap between the time point when the specimen is in contact with two bars and
the point when the stress wave reaches the interface of the incident bar and the
specimen. Usually we can call this time gap the cold-contact-time (CCT)[1, 86, 95,
141]. Based on the results from prior researchers, there is still uncertainty regarding
the optimum value of the critical CCT value. Lennon et al.[86] suggested that the
critical CCT should be 5ms from their finite element simulation results. Seo et al.[141]
used experimental method to measure the CCT. They inserted two thermocouples
into the specimen to measure the temperature gradient within the specimen. Their
results suggested that the critical CC'T was about 1s, which was much larger than the
results from the work of Lennon and co-author[86]. However, the large CCT value may
be caused by the temperature delay between the specimen and the thermal couples.
Li et al.[95] used both finite element method (ABAQUS) and experimental method
to evaluate the critical CCT. They tested Ti specimens at elevated temperature with
different CCT values, and compared the experimental results against their simulation
results. Based on their experimental and simulation results they stated that the
critical CCT value for compression Kolsky bar experiments should be around 50ms.

In order to perform the high temperature dynamic experiments, in our work a

synchronically assembled heating system was added to traditional Kolsky bar system,
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Figure 18: Schematic dawing of the High-temperature compressive Kolsky Bar with a
synchronically assembled heating system. The projectile and the bar actuation is con-

trolled by labview together with a programmable DC supply. Specimen temperature
is controlled by a PID temperature controller.

as shown in Figure 18. The major parts of this synchronically assembled heating
system include two bar actuators, two pusher rings, and an infra-red spot heater.
The specimen is separated from the incident bar and transmitted bar with a distance
about 4mm before loading, since the heating area of the spot heater is about 10mm
in diameter. The specimen is held at the prescribed position with the thermocouple
which is wired on the sleeve. The sleeve can be freely moved along the axial direction
of the bars. The specimen is heated up with the spot heater, and a PID controller
from Omega Inc. is used to control the temperature. After the specimen temperature
has reached the target temperature, the incident and transmitter bars are brought
to contact with the specimen using the two bar actuators. Two pusher rings are
attached to the incident and transmitter bars, which is fixed at the position. Two
separate gas tanks controlled by solenoid valves are used to supply pressurized air.
The pressurized air released from the gas tanks will go through the bar actuators
and push the pusher rings together with the bars and bring the bars into contact

with the specimen. Another solenoid valve is used to control the fire time of the
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projectile. In order to obtain the proper launch time, calibrations need to be done
with the synchronically assembled heating system. Figure 19 shows the calibration
results. Figure 19 (a) shows the signals of the activation voltage of the solenoid
valve controlling the gas gun, and the strain gage signals from the incident bar and
the transmitter bar. In the first step of the calibration, two bars were in contact
with each other without specimen, and a voltage was supplied to the solenoid valve
to fire the projectile. The time duration between the voltage supply and the stress
wave traveled through the incident bar strain gage was recorded as At,. The second
step of the calibration result is shown in Figure 19 (b), where the incident bar and
transmitter bar were separated with a distance of 8mm. A voltage was given to the
solenoid valves to release the pressurized gas to push the pusher rings. The two bars
will contact each other, and during the contact, a small stress wave will be generated
and captured by the strain gages. The time duration of these steps can be measured
by the oscilloscope as shown on Figure 19 (b) as At;. Calibration results show that
the projectile should be fired before launching the bar actuators. The time gap can
be calculated by At = Aty — At;. The Rigol DP1308A programmable DC supply
is used to provide power to the solenoid valves, and the time gap between the bar
actuation and the projectile launch is controlled by LabView program connected to
the DC supply.

We also used scanning electron microscopy (SEM; model No. JEOL JSM 6480)
to evaluate the postmortem specimens. The purpose of this is to reveal the fracture
surface information to investigate the plastic deformation mechanisms associated with

the bulk metallic glasses tested both under quasi-static and high rate loading at
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Figure 19: Calibaration needed to calculated the firing delay. (a) shows the duration
time between the lanuch of projectile to the stress wave travel through the incident
strain gage. (b) shows the duration time between lanuch of the bar actuator to bar
closeure.

various temperatures. The SEM analysis was performed on JEOL JSM 6480 operated

at 20KV.
3.3  Experimental Results

Figure 20 displays the representative quasi-static compressive true stress-strain
curves of the ZrssNisAligCusy bulk metallic glasses samples tested at different tem-
peratures. Except for the curve measured at room temperature, all other curves are
shifted by a certain value of strain for a better view. It can be observed that for
this Zr-based metallic glasses, the fracture stress decreases with increased tempera-
ture. There are almost negligible plastic deformation when the testing temperatures
were below 678K. The samples fractured right after the elastic deformation through
a highly localized shear banding event. However, on further increasing the testing
temperature, the plastic deformation will be transformed from inhomogeneous shear
band deformation to homogenous plastic deformation. It is noticed that, the spec-
imens tested at 678K did not fail. The tests were stopped at a prescribed strain.

In the temperature range of 678-718K, instead of deformation within the very nar-
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Figure 20: Quasi-static true stress versus true strain of the Zrs;NisAlygCusg bulk
metallic glasses from room temperature to the temperature around its glass transition
temperature. The curves are shifted with certain value of strain to distinguish from
each other.

row shear bands, the specimens deformed in a homogenous way, which can also be
verified through the stress-strain curves. The maximum strain value of each curve
for the specimens exhibiting homogenous plastic deformation data was limited by
the prescribed strain of the compressive experiments. In these specimens tested at
temperature higher than 687K, there were no indications of any possible impending
catastrophic failure. All the specimens tested at temperatures above 678K deformed
uniformly and no macroscopic shear localization has been observed. The initial slopes
of the stress-strain curves decrease with increased temperature, especially when the

temperature is above 678K. This decreasing trend of the initial slope indicates the
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the Young’s modulus decreases with temperature, similar to the behavior of crys-
talline metallic alloys. Stress overshoots, which are the difference between the peak
stress and flow stress have been observed when the testing temperature is greater
than 678K. The same phenomenon has also been reported by Lu et al.[105]. The

magnitude of the stress overshoot decreases with increased temperature.
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Figure 21: Dynamic true stress versus true strain of the Zrg5 Nis Al1oC'uzg bulk metal-
lic glasses from room temperature to the temperature around its glass transition tem-
perature. The curves are shifted with certain value of strain to distinguish from each
other.

The dynamic true stress strain curves of the Zr-based bulk metallic glass at different
temperatures have been plotted in Figure 21. The maximum stress of the specimens
decreases with increased temperature, which has also been observed in the quasi-static

compressive experiments. But when the temperature is around the glass transition

temperature, there is no transition from inhomogeneous deformation to homogenous
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deformation. Instead, the specimens failed right after elastic deformation even when
the testing temperature was 718K. The stress dropped to zero immediately after
it reached its maximum value, typical of ”brittle” failure. Compared with Figure
20, the specimens exhibited a transition from homogeneous flow to inhomogeneous

deformation as the imposed strain rate is increased.
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Figure 22: Maximum stresses of the ZrssNisAligCusg bulk metallic glasses were
plotted as a function of temperature. The black solid circle represented the quasi-
static strain rate, ¢ = 1073571, and the red solid square represented the dynamic
strain rate, € ~ 10357

The maximum stress, which is one of the principal parameters used to characterize
the strength of a bulk metallic glass, is plotted as a function of temperature in Figure
22. In the inhomogeneous plastic deformation region, the variation of the maximum

stress with respect to temperature is small compared to its variation in the homoge-

neous region when the strain rate is 1072s~!. The average maximum stress has been
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decreased from around 1830 MPa at room temperature to around 1130 MPa at 678K.
When temperature is beyond 678K, a remarkable drop in maximum stress occurred.
For instance, with increasing temperature of only 20 K, the maximum stress drops
from 1130 MPa at 678 K to 690 MPa at 698 K. However, there is no significant
stress drop with respect to temperature when the strain rate is in the dynamic region
(¢ ~ 10%s7!) even in the supercooled temperature region. The maximum stress was
reduced from around 1550 MPa at room temperature to about 1000 MPa at about
718K when the strain rate is about 103s~!. Comparing the maximum stress with
respect to the imposed strain rate, we can find that the maximum stress decreases
when the strain rate is increased at low temperature. However, when the testing
temperature is within the super-cooled liquid temperature region, the strain rate ef-
fect will be opposite. That is to say, the maximum stress during the dynamic test is

higher than its counterpart under the quasi-static loading condition.

Figure 23: SEM images of the fracutre surface of the Zrss NisAlygCusy bulk metallic
glass tested at strain rate of 10735 with room temperature. (a) is the overview of
the fracture surface and (b) is the high magnification of the vein patterns.

Except for the specimens tested at high temperatures and quasi-static strain rate,
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all other specimens in the current work fractured into two pieces, and the fracture
specimens were observed by SEM. Figure 23 presents the SEM micrographs of the
fracture specimen after quasi-static loading at room temperature. It can be seen that
the fracture surface is flat, and the well-known vein like patterns can be observed
with a uniform distribution. However, compared with the room temperature quasi-
static tested samples, the fracture surface of the specimen tested at 550K at strain
rate of 1073s7! exhibits an uneven surface, as shown by Figure 24. Although vein
like pattern can be seen on the fracture surface, the distribution is no longer uniform
and the vein like patterns are discontinuous and accompanied by small bands. At
dynamic strain rates and when the specimens were tested at room temperature, the
fracture surface has the same morphology as we have discussed in Chapter 2. But,
when the testing temperature is high, for example, 698K (Figure 25), the vein like
pattern almost disappeared, and the surface is very rough and the high magnification
of the fracture surface exhibits a large melted area, which might be caused by the
high environmental testing temperature. It also suggests that severe local melting has
occurred during the test. It is noted that, even when the test temperature is 698K,
which is higher than the glass transition temperature of Zrss NisAligCusg, there is
yet no crystallization phenomenon found. Liu et al.[100] has reported crystallization
during the high temperature dynamic tests, and the crystallization is mainly caused
by the long heating time during their test. The heating time in the current work is
less than 5 minutes, which is not long enough to activate the crystallization of the

tested metallic glass.



Figure 24: SEM images of the fracutre surface of the Zrs5Ni5AligCusy bulk metallic
glass tested at strain rate of 1073s~! with temperature of 550K. (a) is the overview of
the fracture surface and (b) is the high magnification of the vein patterns, compare
to the room temperature sample, the vein pattern is not continuous.

3.4 Disscusiion
3.4.1 Homogeneous Deformation

Homogeneous deformation has been found during the low strain rate and high tem-
perature mechanical testing, particularly around the glass transition temperature, Ty,
which involves a viscoelastic behavior. The deformation involves a viscoelastic be-
havior, which is similar to other glassy materials. The deformation behavior strongly
depends on the testing temperature and the imposed strain rate. With respect to
different testing environment, the homogeneous deformation can be divided into two
modes, linear and nonlinear viscoelasticity. The former features elastic deformation
followed by a steady-state Newtonian viscous flow, while the latter exhibits a stress
overshoot and then attains a steady-state non-Newtonian flow. The overshoot dur-
ing the non-linear viscoelastic deformation has been attributed to the free volume

induced structure relaxation[71, 147].



Figure 25: SEM images of the fracutre surface of the Zrs5Ni5AligCusy bulk metallic
glass tested at strain rate of ~ 103s71. (a) is the overview of the fracture surface and
(b) is the high magnification of the fracture surface with large melted area.

The free volume model had been proposed by Spaepen[147] in 1977 to describe the
homogeneous and inhomogeneous deformation of metallic glasses. In this work, we
will apply this model to the analysis of the deformation behavior of the bulk metallic
glass at high temperature. In his work, Spaepen has modeled the macroscopic strain
rate as a result of accumulation of many events of local atomic rearrangement, or

local atomic jumps. The shear strain rate is defined by the following equation:

j=fxn (16)

where f is the fraction of potential jump sites of the tested material, and n is
the net number of forward jumps on each of those sites per second. Here, accord-
ing to Spaepen’s[147] assumption, the strain produced at each jump site equals to
1. The fraction of potential jump sites can be calculated according to Cohen and

Turnbull’s[17, 152, 153] free volume theory as follows:
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f = exp (—O‘”*) (17)

vf

where « is a geometrical factor, and its value can be taken as o = 0.5[147], v* is the
critical volume, which equals to 6.5 x 1073%m?[16], v is the average free volume per
atom inside the material. During the homogeneous deformation process, we assume
that the free volume distribution within the material is uniform. If the energy barrier
of the atomic jump is denoted by AG™, and there is no stress applied to the specimen,
the number of successful jumps per second can be calculated by a simple rate theory

according to the general Arrhenius equation such as:

AGm) )

ng = vexp (_k—T
where v is the frequency of atomic vibration, and the value can be taken as 1013 Hz[88],
k is the Boltzmann’s constant, and 7' is the absolute temperature. If a stress is
applied, the jump number will increase because of the decreasing of the potential
energy by the applied stress. Under the uniaxial compression test condition, we can
assume that there is no effect of the atomic jump caused by the mean stress, as the
study of Lowhaphandu et al.[104] of a Zr-based metallic glass showed that the flow
stress and the fracture strain are independent of the imposed mean stress. So the

total number of successful jumps in a uniaxial compressive system with a compressive

stress o is:

AG™Y | o)
n = 2vexp (_k—T) sinh (2\/§kT) (19)
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where € is the atomic volume, and here we can assume ) = v*. Therefore, the macro-
scopic strain rate of the specimen caused by the applied stress o can be represented

by combining the production of Equation 17 and 19 as:

av* AG™ o)
9 — ~Z2Y )sinh 20
: e < Uy > P ( kT ) o (QﬁkT) (20)

If the imposed strain rate is a constant, Equation 20 reveals that the stress profile
of the specimen under homogeneous deformation is strongly related to the free volume
vy of the material. Spaepen[147] divided the free volume change into two parts: one
is the free volume creation caused by the applied stress, and another part is the free
volume annihilation caused by the atomic jump and relaxation. The net rate of the
free volume change can be calculated by taking the difference between the creation

and annihilation as follows:

%—v*vex _av ex A X 2okl coshﬂ—l 1 (21)
at P\ T ) TP\ T ;S I/3kET np

where np is the number of atomic jump needed to annihilate a free volume of v*, and
the value can be taken as 3[148]. S can be represented by the shear modulus and
Poisson’s ratio of the material as S = %,u}f—‘;

In Equation 20, the strain rate corresponds to plastic deformation. For a metallic
glass that undergoes homogeneous deformation, the elastic strain is also needed to
be included in the final representation. The total strain rate during the deformation

can then be represented as:
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av* AG™ of) o)
=9 . ~ 27 ) sinh + 2 22
€ = 2vexp ( o ) exp < T ) sin <2 \/ng) z (22)

In Equation 22, F is the elastic modulus at a given temperature. Numerical solving

of the coupled Equation 21 and 22 allows reproduction of the stress-strain relationship
during the compression tests. In stead of using v as the free volume, we can represent
the free volume concentration by a dimensionless parameter, £ = vy/v*. According
to Huang et al.[47], the initial free volume concentration can be taken as 0.008. The
typical energy barrier for atomic jump is AG™ ~ 107'.J; the imposed strain rate is
a constant with a value of 0.001 1/s (quasi-static). For testing temperature at 698K,
using the experimental elastic modulus value (~ 30GPa) and the shear modulus
@ = 10GPa from Hojo’s work[45], we can compared the model prediction with our
mechanical test result as Figure 26.

Figure 26 is the comparison of model prediction with experimental data at tem-
perature of 698K. In this figure, the black solid line is the experimental result, while
the red dashed line is the numerical solution based on Equation 21 and 22. We can
see that the free volume model is able to describe the appearance of the stress over-
shoot after the elastic deformation. The stress oscillation demonstrated by the model
after the stress overshoot is also reported by Johnson et al.[67]. But the oscillation

reported by Johnson occurred at strain rate of ~ 107251

. The disappearance of the
stress oscillation during the experiment may be caused by the viscoelastic behavior of

the material deformed at high temperature. The existence of the anelastic part will

eliminate the oscillation.
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Figure 26: Experimental and simulated ture stress-strain quasi-static compression
result of ZrssNisAligCugy bulk metallic glass at testing temperature of 698K. The
black solid line is the experimental result, while the red dash line is the numerical
solution from the free volume model.

In order to understand the reason for the stress evolution during the high temper-
ature uniaxial compression test, the free volume concentration and the stress versus
the strain relationship from the free volume model are plotted in Figure 27. Because
of the small value of the applied stress, we can see that free volume annihilation dom-
inates the beginning of the compression test compared to the free volume creation
caused by the applied stress. The free volume concentration decreases as the stress
increases. However, when the stress is larger than a certain value, the free volume
creation part in Equation 21 becomes larger than the annihilation part 1/np, and the
free volume concentration will begin to increase as revealed by Figure 27. After that,

the free volume concentration is controlled by the competition of the free volume
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Figure 27: Free volume prediction of the free volume concentration and the stress
versus strain of Zr-based bulk metallic glass at temperature of 698K. The black solid
line is the free volume concentration, while the red dash line is the stress.

creation induced by the applied stress and the free volume annihilation caused by the
structural rearrangements. Eventually, the system reaches a steady state, where both
the free volume concentration and the stress are constant and the metallic glass flows
like a liquid.

As Equation 20 and 21 show, the stress and the free volume concentration are
coupled. The free volume concentration value depends on the prescribed strain rate,
and the environmental temperature. Also the initial conditions, such as the initial
free volume concentration and the free volume annihilation rate strongly depend on
the system temperature. The value of those parameters change with the change of

temperature.
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3.4.2  Inhomogeneous deformation

As described by Schuh and Argon[135, 2|, the stress-strain relations and the defor-
mation modes depend on the loading condition and the environmental temperature.
When the sample is under high temperature and low strain rate condition, the plas-
tic deformation mechanism of the metallic glass is characterized by homogeneous
deformation, which has been discussed in the previous section. The free volume
concentration can reach a steady state, and the specimen deforms homogeneously.
However, when the strain rate is in the dynamic region or the temperature is much
lower than the glass transition temperature, the specimen go through inhomogeneous
deformation. During the low temperature loading, the free volume distribution of
the system is not uniform, which introduces the free volume perturbation inside the
specimen. This free volume concentration perturbation and the high imposed strain
rate induce a large free volume concentration increase, which causes the sample to
have catastrophic failure. That is to say, in such a case, inhomogeneous plastic de-
formation occurs, and the specimen will fail through a fast propagation of the shear
band.

Apart from the free volume model proposed by Spaepen[147], Argon[2] has intro-
duced the shear transformation zone (STZ) model to explain the plastic deformation
of metallic glasses. The plastic deformation of metallic glasses on the macroscopic
scale is a process of accumulation of local strain through the operation of shear trans-
formation zone and the redistribution of the free volume. The increase of the envi-

ronmental temperature would assist in overcoming the energy barrier for the shear
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Figure 28: The failure stress of quasi-static and dynamic loading of Zrs5Ni5Al1oCusg
at different temperatures, and the solid and dash lines denote the fit of Equation24
for quasi-static and dynamic, respectively.

of STZ, and allow plastic yield to happen at a lower stress[135]. To identify the
test environment effect such as temperature and strain rate on the fracture stress of
metallic glasses, Johnson and Samwer[68] proposed a cooperative shear model (CSM)
based on the idea of the shear transformation zone model. They related the yield
shear stress of the metallic glass o7 to the temperature T' and the shear strain rate

4, and the relationship can be expressed by the following equation:[68]

]C GOT Wo 2/3 2
= 7o — ——in—) 3 23
TcTr = Tco — TCo (BGOTQ nC’f’y ( )

where 7¢( is the critical yield shear stress at T" = 0K, 7 is the shear strain rate,

Gor and Gyr, are the shear modulus at a finite temperature and the glass transition
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temperature, respectively. Parameter ¢ in Equation 23 is the ratio of the finite tem-
perature T (or temperature of interest) and glass transition temperature 7, wy is the
atomic vibration frequency, and C' and S are constants. From the stress-strain curve
of the tested metallic glass specimens, there is no strain hardening found, and thus
the failure stress is equivalent to the yield stress. Equation 23 is also suitable for the
failure stress. Then the uniaxial compressive failure stress of the Zr-based metallic

glass o can be represented as:

oc=o00(1— th/?’) (24)

where o is the uniaxial compressive failure stress under quasi-static loading at tem-
perature T' = 0K, and D = (k/B)In(wo/C7) x (Gor/Gor,). Using Equation 24 , the
experimental data from quasi-static and dynamic experiments was fitted with two
different D values, as shown in Figure 28. It is found that the two points during the
quasi-static loading at high temperature are far away from the fitting curve, which
indicates that a different deformation mechanism may be responsible. Under this low
strain rate and high temperature condition, the specimen deforms homogeneously
as we have discussed in the previous section. The fitting results suggested that the
critical uniaxial compressive failure stress at T = 0K is about 2500 MPa. The D
values for quasi-static and dynamic compressive experiments are fitted to be 0.6056
and 0.5332, respectively. These fitting results are in good agreement with the results
reported by Liu et al.[100]. The discrepancy of the D values under the two loading

conditions is caused by the different imposed strain rates. Since the parameter D is
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related to the strain rate of the experiments, the value increases with decreasing the

strain rate.
3.5  Conclusion

In this chapter we have investigated the coupled effects of strain rate and tempera-
ture on the mechanical behavior of Zrss Ni5Al10C'usp bulk metallic glass. Mechanical
testings were performed at various temperatures, from room temperature to elevated
temperatures even above the glass transition temperature of the specific metallic glass,
at both quasi-static and dynamic strain rates.The effect of the testing temperature
on the failure stress of this Zr-based metallic glass was mainly discussed. The results
show that the failure stress goes down with increasing environmental temperature,
while the dynamic fracture stress is alway less than that measured under quasi-static
condition, except when the temperature is around the glass transition temperature.

A transition from inhomogeneous to homogeneous plastic deformation has been
observed during the quasi-static compressive experiments when the testing tempera-
ture is elevated to the glass transition temperature. The free volume model has been
successfully applied to simulate the homogeneous deformation behavior under such
condition. The deformation is found to be controlled by the competition between
the stress induced free volume and the free volume annihilation caused by the atomic
jumps. Free volume concentration will reach a steady state and so does the stress
profile of the specimen.

When temperature is low or the strain rate is high, the specimen will deform

inhomogeneous by shear banding processes. The cooperative shear model[68] was
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used to fit the experimental results. A temperature dependence of the failure stress
of the specimen is found and the fitting parameter is related the the imposed strain

rate.



CHAPTER 4: INSTRUMENTED NANOINDENTATION EXPERIMENTS OF
BULK METALLIC GLASS

4.1  Introduction
4.1.1 Instrumented Nanoindentation

Since its advent, the instrumented nanoindentation technique has been widely used
to characterize the mechanical properties of different materials at nanometer scale,
such as very thin films. In what follows, we will review the basic working principle of
the the nanoindentation, and the cautions and caveats associated with this technique.

The elastic contact problem plays an essential role in analyzing the process and
data treatment of nanoindentation as well as other indentation experiments. Hertz
had analyzed the problem of the elastic contact between two spherical surface with
different radius and Young’s modulus. His results provided a fundamental framework
for further and later studies on the general problem of nanoindentation[125]. The
Hertz equation which establishes the relationship between the displacement of the

indentation and the load is:

P =ah™ (25)

where P is the load applied to the indenter tip, h is the elastic displacement of

the indenter and « is a constant. The exponent m is a constant determined by the
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geometry of the indenter. For example, m = 1 for a flat punch indenter; m = 1.5 for
a spherical indenter and m = 2 for a conical indenter.

With the excellent force and displacement resolution of modern nanoindenterion,
the load vs. displacement curve for a nanoindentation experiment can be obtained by
the load and displacement sensors based on various principles and devices. A typical
load-displacement curve is shown in Figure 29. The unloading part of the curve is
assumed to be elastic and the stiffness of the initial part of the unloading curve is
given by[125]:

S— Cfl—]; _ %Eﬂ/ﬁ (26)

where S is the initial slope of the unloading curve shown in Figure 29, E, is the
reduced modulus which is related to the Young’s modulus of the the sample and
the indenter, and the A is the projected area of the elastic contact. According to
Pharr and Oliver, the contact area A can be determined by the area function of the
indentation tip which is related to the displacement h and the area function of a
specific indenter tip can be calibrated with standard specimens on a regular basis to
ensure its accuracy. From Equation 26, the reduced modulus E, can be calculated
and then the Young’s modulus of the specimen can be obtained by the following

equation:
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Figure 29: A typical load-displacement curve of nanoindentaion result[125].

(28)

where E and v are the Young’s modulus and Poisson’s ratio of the specimen and E;
and v; are the same parameters for the indenter. Also the harness of the specimen can
be determined by Equation 28, where P,,,, is the peak load during the indentation

process.
4.1.2  Applications of Instrumented Nanoindentation

With the ability of acquiring high resolution load and displacement data, instru-
mented nanoindentation has been widely used to probe the hardness and elastic modu-
lus of small volumes[125, 126]. It has also been applied to evaluation of other mechan-
ical properties such as creep parameters[108, 34] and strain rate sensitivity[128, 30].

Because of the small volume of the material tested in a nanoindentation experi-
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ment and the high resolution load and displacement data, the fundamental of ma-
terial’s mechanical behavior can be revealed at nanometer scale. The initial devi-
ation from elastic contact shown as a "pop-in” event during the nanoindentation
process has been observed on (0001)-oriented single crystals of 4H-SiC,[137], which
indicates the transition from elastic deformation to plastic deformation. Similar dis-
placement burst events have also been observed in different bulk metallic glasses
systems[132, 134, 97, 119, 48]. The discrete displacement bursts have been related to
the operation of individual shear banding events, which are similar to the stress ser-
rations, observed during quasi-static uniaxial compression test of bulk metallic glass
specimens.

The serrated flow during the nanoindentation test has been found to be strongly
related to the alloy composition and the applied strain rate[132]. The transition from
discrete plastic flow to continuous plastic deformation when the imposed indentation
strain rate is increased beyond a certain level has been explained in Schuh’s work[132].
The hardness evolution during nanoindentation has been reported by Huang et al.[48],
in whose work a strain softening effect has been observed. Huang and coworkers
attributed this strain softening to the accumulation of free volume inside the material.
However, strain hardening effect has been reported by Yang et al.[175]. In the work
of Yang and coworkers, cyclic indentation load was applied to the specimen and
hardening effect happened during each reloading cycle. What is more, the hardening
effect is independent of the loading rate.

In this work, we will applied the instrumented nanoindentation technique to a

Zr-based bulk metallic glass. Different test methods were applied to reveal the load-
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displacement relationship and to also examine the hardness profiles of the specimen.
Serrated flow has been found in the low strain rate nanoindentation experiments. A
clear transition from discrete to continuous plastic deformation has been observed
due to the transition of the plastic deformation mode. Hardness evolution was found
during the low strain rate nanoindentation test, suggesting that the deformation
mechanism difference between the low strain rate and high strain rate loading condi-

tions.
4.2  Experimental Procedure

To achieve a better understanding of the mechanical behavior, particularly the
plastic deformation mechanisms associated with the bulk metallic glasses, we have
examined the material using the MTS (now Agilent) Nano Indenter G200 system
with different test methods. The cylindrical bars of Zr-based bulk metallic glass was
cut into 2mm thick disks and polished with sand paper followed by diamond polish
paper. A final surface finish is about 0.1 pm and then the sample was polished on
a polishing cloth with 0.03 wm alumina suspension. In what follows, we will de-
scribe the experimental details, especially the experimental methods we have used,
including the loading-control, displacement-control and the strain rate jump experi-
ments. Two workspaces have been used during the tests. One is the XP workspace,
where a Berkovich diamond indenter tip was used, and the displacement resolution
is better than 0.0lnm while the load resolution is about 50nN. Compared to the XP
workspace, the DCM workspace has an improved resolution in both the force and

the displacement. In addition, it has decreased the sensitivity to environmental noise
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such as mechanical vibration and thermal fluctuation. The displacement resolution
for the DCM is about 0.0002nm and the load resolution is about 1.0 nN. A smaller

Berkovich diamond indenter tip has been used for the DCM workspace.
4.2.1  Load Control DCM Method

The DCM workspace has been chosen to perform the load control Nanoindentation
experiment. The area function of the Berkovich tip is calibrated using fused silica as
a standard sample. After the calibration, the tip was brought into contact with the
Zr-based bulk metallic glass specimen surface before the prescibed 0.05nm/s drift rate
has been reached. A maximum load of 10mN has been setup for the loading process
with different loading time in order to produce different loading rates. Loading rates
from 0.005 to 10mN /s have been applied. After the maximum load has been achieved,
the tip was held for 10 s at the maximum load before unloading. Then the tip was
unloaded to 90% of the maximum load, and then the tip was held there for 10s to
measure the thermal drift. After that, the tip was further unloaded to zero load. At
each loading rate, eight indents have been made. The time, load and displacement

information has been recorded by the system for subsequent data processing.
4.2.2  Displacement-Control CSM Method

In addition to using the load control method, the displacement-control continuous
stiffness measurement (CSM) method has also been applied to reveal the load and dis-
placement relationships. It is also used to evaluate the hardness and modulus profiles
of the specimen. Compared to the load-control method, in which the hardness and

modulus values are obtained from the initial part of the unloading curve, as we have
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described in the previous section, the displacement-control CSM method will produce
a continues hardness and elastic modulus profiles as a function of the displacement
into the specimen. This method will generate more accurate hardness and modulus
results vis-a-vis the load-control apprpoach. The same DCM workspace has been
used to perform the displacement control experiments. The maximum displacement
and the strain rate are pre-defined. In an instrumented nanoindentation experiment,
the indentation strain rate can be calculated by the following equation[108]:
bz
where £ is the displacement rate, h is the indentation depth (displacement of the tip
into the sepcimen surface), P is the loading rate, P is the load on specimen, H is
the rate of hardness change during the indentation process, and H is the hardness
value of the specimen at this depth. The loading rate of the instrument is controlled
in order to satisfy the pre-described strain rate. Five different strain rates were used
with the displacement control method, which are 0.0005,0.001,0.01,0.05 and 0.1 1/s.
The maximum displacement was set at 400nm for all the strain rates. The thermal

drift was also measured when the indenter was unloaded to 90% of the maximum

load.
4.2.3  Strain Rate Jump XP Method

A strain rate jump technique[111] has been developed and applied to determine
the strain rate sensitivity (SRS) of the Zr-based bulk metallic glass of this work. The

method is based on the XP workspace. The larger tip size utilized in this method
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will allow a larger indentation depth to be reached during the experiment. The CSM
method was used during the experiment, but instead of using a constant strain rate
during each indentation, abrupt strain rate change (strain rate jump) was conducted
several times in order to produce an in-situ hardness versus strain rate data. The XP
Berkovich diamond tip was set up to indent into the specimen with an initial depth of
1400 nm with a constant strain rate of 0.05 1/s. In this step, the long travel distance
of the indenter tip is to ensure the stabilization of the system. After the system is
stabilized, the strain rate will be changed to 0.014 1/s, and the penetration depth
at this strain rate is 300 nm. Then the strain rate jumps back to 0.05 1/s, so as to
compare the hardness value with the previous value at the same strain rate, in order
to obtain a reliable data. After the indenter tip travels another 300 nm, the strain
rate down jumps to a lower value, 0.004 1/s for another 300 nm. Then the strain
rate jumps back to 0.05 1/s again for yet another 300 nm. At the end, the strain rate
will be changed to the minimum value, 0.001 1/s, and after 300 nm displacement,
the strain rate will jump back to 0.05 1/s again. All the hardness values will be
recorded using the CSM method, and the relationship between the strain rate and

the indentation displacement into specimen relationship is shown in Figure 30.
4.3  Experimental Results

A series of indentations were made with different test methods listed below with a
Berkovich indenter. Figure 31 is the topographic image of a typical nanoindentation
site, and the right hand side is the profile of the cross section of the indentation

site shown on the left hand side measured from atomic force microscopy (AFM).
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Figure 30: Strain rate is ploted as a funtion of the displacement into specimen during
the strain rate jump test using nanoindentation.

Pile-up is clearly observed with the profile curve, and the topographic image of the
indentation shows pile-up on each side of the indentation site. And the topographic
image shows multiple pile-up events occurred around the indenter. Since the material
is amorphous, there should be no strain hardening; it is much easier for the material
to flow up around the indenter tip than to displace under the tip[115]. The details of
the experimental results using different nanoindentation protocols will be presented

and discussed below.
4.3.1 Results from Load-control DCM Method

The load-displacement (P-h) curves from nanoindentation experiments on the Zr-
based bulk metallic glass are plotted in Figure 32. In this figure, the origin of each

curve has been offset in the horizontal axis with a certain value so that multiple curves
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Figure 31: An typical AFM image of an indentation site is shown on the left. AFM
profile of the the cross-section of the indentation is shown on the right. Both images
show the material pile-up along the side of the triangular indentation.

can be displayed on a single graph, and the unloading portions of the experiment are
not plotted for clarity. The left most curve represents the result from the smallest
loading rate, 0.005mN/s. From left to right, the loading rate increases, with the right
most curve having the highest loading rate of 10mN/s. The results in Figure 32 show
discrete and rapid bursts of displacement at constant load at relatively low loading
rates. This behavior is reminiscent of the serrated flow during the uniaxial compres-
sive test on the same alloy, which has been discussed in Chapter Two of this thesis. In
a compression experiment, usually displacement control mode is employed, and the
serration or fluctuation of the applied force corresponds to the operation of individual
shear band that quickly accommodates the applied strain. During nanoindentation
tests such as in this work, usually the load is controlled by the system during the ex-

periment, and therefore the serrated flow manifests itself by the displacement bursts.



84

Similar pop-ins events during the nanoindentaion of bulk metallic glasses have also

been reported by many other researchers [37, 132, 175].

T T T T T T T T T
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Pop-ins

Load On Sample (mN)

. , : , : , : , :
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Displacement Into Surface (nm)

Figure 32: Typical load-displacement (P-h) curves measured on the loading portion
of nanoindentation experiments for Zr-based metallic glass. Curves are offset from
the origin for clear viewing and the loading rate most left curve represent the samllest
loading rate and the most right curve represented the highest loading rate.

From Figure 32, we can find that the displacement burst during each pop-in event
is a function of the indentation depth. According to Schuh et al.[132], this is a result
of the increasing length scale of the indentation geometry. The number of the pop-in
event is a function of the loading rate. When the loading rate is small, more discrete
bursts on the load-displacement curve can be observed. However, when the loading
rate is high, as shown in Figure 32, for example when loading rate is 10mN/s, a

smooth parabolic curves is measured.

The maximum displacement during each test segment has also been recorded, and
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Figure 33: Maximum displacements were plotted as a function of loading rate for
the Zr-based bulk metallic glass. The Maximum load at each loading rate was the
same, i.e., 10mN. The general trend is that the maximum indentation depth decreases
with inceased indentation rate. According to the definition of indentation hardness,
it then suggests that the hardness of the Zr-based bulk metallic glass has a significant
laoding rate effect.

the average values corresponding to each loading rate with the error bars are plotted
as a function of the loading rate. Figure 33 suggests that the maximum displacement
decreases as the loading rate increases. Furthermore, when the loading rate is greater
than 0.5 mN/s, the maximum displacement will fluctuate. This trend is still true
even after the tip has been held at the maximum load for 10 seconds. Since at the
same maximum load, a shallow indentation depth points to a smaller contact area,
and in turn, according to the definition of indentation hardness, a smaller hardness
value, therefore, Figure 33 is suggesting a significant strain rate effect on the hardness

of the Zr-based bulk metallic glass.
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4.3.2  Results from Displacement-control CSM Method

Figure 34 and 35 display the plots of hardness and loading histories as a function
of displacement into the specimen at two different strain rates, 1 x 1073s~! and
1 x 1071571, respectively. When the strain rate is 1 x 1073s~!, both the hardness
and load curves are serrated. The loading history is similar to the loading curve at
a lower loading rate condition. The displacement bursts here should represent the
formation of single shear band. The hardness serration happens at the same time as
the displacement burst takes place, which can be observed in Figure 34 on the right
hand side. When a displacement burst occurs, it is followed by an immediate drop in
the hardness value. However, right after the hardness drop, the value increase back
to a high value. The overall trend of the hardness at this strain rate shown in Figure

34 reveals that the hardness increases as indenter depth is increased.
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Figure 34: Hardeness (red curve) and load (blue curve) profiles are plotted as a
funtion of the displacement from the nanoindentation experiment using displacement
control CSM method. The strain rate of the indentation experiment is 1 x 1073571
The right hand side plot is the enlarged view of the boxed region of the left hand side
plot.
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When the imposed strain rate of the nanoindentation test was increased to 0.1 1/s,
unlike the increased hardness in the profile from the low strain rate test shown in
Figure 34, the hardness value as a function of the displacement was quite uniform.
Actually, after 150 nm, the hardness will not change with further increase in the
displacement (Figure 35). The hardness serration has disappeared, and gives way
to the smooth load-displacement curve presented in Figure 35. Therefore, here we
have observed a transition from discrete plastic activites to continuous plastic de-
formation in the Zr-based bulk metallic glass when the imposed indentation strain
rate is increased beyond a critical level. The same transition from discrete to con-
tinuous yielding has also been observed during the load control nanoindentation test.
The hardness measured from the high strain rate nanoindentation is larger than that
from lower strain rate. From the results of the three nanoidentation experiments at
different strain rates, the strain rate sensitivity has been calculated using Equation
4. For the Zr-based bulk metallic glasses investigated in this thesis, the m value is
calculated to be 0.064, which is quite remarkable, as it compares to the SRS values of
annealed metals of body center cubic (bce) structure, which are known to be strongly
rate dependent[160, 164]. Compared to the strain rate sensitivity obtained from the
quasi-static compressive experiments, this m value is significantly larger, the reason

for which will be discussed in the following section.
4.3.3  Results from Strain Rate Jump XP Method

Nanohardness values have also been obtained from nanoindentation experiments

with strain rate jumps using an XP tip. With four different imposed strain rates dur-
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Figure 35: Hardeness (red curve) and load (purple curve) profiles are plotted as a fun-
tion of the displacement from the nanoindentation experiment using the displacement
control CSM method. The strain rate of the indentation experiment is 1 x 107 ts71.
Compared to the results presented in Figure 7?7, here no obvious serration can be
observed either in the hardness curve or the load curve, indicating that plastic defor-
mation is continuous and uniform.

ing a single pre-designed experimental protocol, the hardness values can be measured
as a function of the imposed indentation strain rate. Some results from such exper-
iments are plotted as a function of strain rate shown in Figure 36. Both axes are in
logarithmic scale, and the strain rate sensitivity based on the strain rate jump exper-
iments is calculated to be m = 0.0103. Compared to the experimental results from
the constant strain rate test of nanoindentation and quasi-static compressive test,
this strain rate sensitivity value is much lower. And this value is also almost identical

to the m value reported by Pan et al.[128], also using instrumented nanoindentation.
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Figure 36: Hardness values are plotted as a funtion of the imposed strain rate from
the nanoindentation strain rate jump experiments. Note that in the fiugre, both the
strain rate and the hardness are in logarithmic scale. All the data points fall on
the red straight line, and therefore, the slop of the straight line is the strain rate
sensitivity of the specimen.

4.4  Discussion
4.4.1 Flow Serration

Nanoindentation experiments have been performed on various bulk metallic glasses
by different researchers. Serration in the load-displacement curves has been reported
with different BMG system with different indentation tips by these researchers. The
first such report was published by Golovin et al.[37] who conducted nanoindenta-
tion experiments on the Pd-based metallic glass. Bei et al.[5] have reported ser-

rated flow during the nanoindentation test of Vit 1 with a spherical indenter. How-
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ever, Vaidyanathan et al.[154] suggested that there was no serration in the load-
displacement data when using a Berkovich tip. Schuh et al.[134, 132] have studied
the serrated flow during nanoindentation as a function of the loading rate. They found
that a transition from serrated flow to a continuous deformation mode occurred dur-
ing the nanoindentation experiments as the loading rate increased beyond a certain
level. But, Greer and his co-workers[38] suggested that the absence of serrated flow
at high loading rate was not due to the deformation transition; instead, the apparent

absence of the steps was caused by the instrumental inaccuracy.
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Figure 37: The nanoindentation strain rate plotted as a funtion of displacement into
sample for (a) load control method and (b) displacement control method. The loading
rate or the pre-discribed strain rate indicated by the insert text. Strain rate peaks
are observed at both method with low rate, those strain rate peaks correspond to the
serration flow observed in Figure 32 and 34.

In this work, however, serration in the load-displacement curves has indeed been
observed both in the constant loading rate mode, and in the constant strain rate
control tests, as shown in Figure 32 and 34. According to Equation 29, the indenta-
tion strain rate is calculated and plotted as a function of the displacement into the

specimen surface in Figure 37. At the beginning of each experiment, since h = 0, the
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initial strain rate is effectively infinite. However, as h increases, the strain rate during
the loading control test decreases. As demonstrated by Figure 37, numerous short
strain rate spikes appear at the low loading rate (and accordingly, low strain rate ex-
periments). Those short strain rate spikes represented rapid displacement during the
tests, which are the same pop-in events shown in the load-displacement curves. Both
the quantity and the magnitude of the bursts are related to the strain rate and the
loading rate. As Figure 37(b) illustrates, when strain rate ¢ = 0.1s™!, the strain rate
burst almost disappears. The same trend also stands when we increase the loading
rate. It is worth noting that the strain rate or loading rate needed to suppress the
serrated flow is not a constant value for all metallic glasses, as Liu et al.[97], Schuh
et al.[132] and Wei et al.[159] have suggested that the serrated flow phenomenon is
also related to the chemical composition of the material.

The transition from serrated flow to continuous flow during the nanoindentation
tests suggests a change in the nature of plastic deformation of the metallic glass. The
serrated flows exhibited in Figures 32 and 34 and the strain rate bursts shown in
Figure 37 represent the formation of single shear band at low strain rates. On the
other hand, as the strain rates increases, more smooth curves suggest simultaneous
operation of multiply shear bands at higher strain rates. The same transition has
been reported by Drozdz and co-workers [29] also in nanoindentation experiments.
Mukai et al.[117] have investigated the Pd-based metallic glass under tensile load,
and they found that the specimen failed with a single shear band under quasi-static
condition, while simultaneous operation of multiple shear bands was observed during

dynamic strain rate experiments.
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As explained by Wright et al.[165], during the nanoindentation of a metallic glass
specimen, the initial response of the material is elastic, and the duration of elastic
deformation depends on both the material and also the shape of the indentation tip.
Once the stress state satisfies the critical stress defined by Mohr-Coulomb criterion,
a shear band is initiated. The first displacement burst is found at a displacement of
20 nm when the loading rate is 0.005 mN/s. When the strain rate is low, the initial
single shear band can rapidly accommodate the imposed strain, which produces the
distinct strain burst shown in Figure 37. In contrast, if the applied strain rate has
exceeded the strain rate of relaxation of the single shear band, then the individual
operation of one shear band will not satisfy the imposed strain rate, as the first shear
band is still propagating. When the stress level exceeds the yield criterion again, and
another shear band is initiated, which means multiple shear bands were activated
simultaneously, leading to the disappearance of serration.

The above explanation is consistent with the observation from our uniaxial com-
pressive experiments, as well as the previous work performed by other researchers.
Although investigations on the Zr-based metallic glasses using nanoindentation by
other researchers[154, 165] have not reported about the serrated flow, it could be
argued that it is because of the high applied loading rates in those efforts. We believe
that at sufficiently low strain rates, the strain burst will be observed. However, Greer
et al.[38] argued that the disappearance of the serrated flow at relatively high strain
rate is due to the limited resolution of displacement and load, as well as data acquisi-
tion rate associated with the nanoindenters available to the research community. In

the present thesis work, the maximum data acquisition rate is 4 x 10® H z, which should
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produce sufficient data points even at the highest loading and strain rate. However,
still no serrated flow has been observed at such loading rates. The strain rate due to
the operation of a single shear band is not expected to be a single value, which is also
reported by Schuh et al.[132]. The strain rate within the shear band is a strong func-
tion of the local arrangements of atoms within the metallic glass, i.e. the free volume
concentration. The change of the free volume concentration inside the metallic glass
may be caused by temperature increase or the stress-strain field change[147]. First,
we consider the temperature increase inside the shear band. For nanoindentation
test, the temperature increase within the shear band can be estimated by Eshelby

and Pratt’s equation[31]:

ar = B [rkAy, (30)
6k Vb

where H is the nanohardness value measured from the nanoindentation experi-
ments, k and ¢, are the thermal conductivity and specific heat of the metallic glass,
respectively, 7, is the shear strain rate inside the shear band and the h and A~, are
the thickness of the shear band and the total shear strain inside the band, respec-
tively. For the bulk metallic glass Zr55Al10Ni5Cusg used in this work, the average
hardness is about 6.2 GPa, which is taken from the average value of all the nanoin-
dentation results. The strain rate inside the shear band can be approximately taken
as 10%s71[122], and the thickness of the shear band can be measured directly from the
AFM image of the indentation site (Figure31), which yields approximately a value of

20 nm, which is consistent with the measurement results from Refs.[97, 76]. The shear
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strain inside the shear band can be calculated as Ay, = Ah/h, with a result of 0.1,
where Ah = 2nm for the magnitude of the displacement burst. The thermal conduc-
tivity and the specific heat of the metallic glass can be taken as 3.5Jm™ts7 1K1 and
5.5 x 105Jm 3K~ for this specific Zr-based metallic glass[2, 96]. The temperature
increase within the shear band can then be calculated to be only 0.03 K. Such esti-
mates of negligible adiabatic temperature rise are also consistent with the calculation
from our quasi-static compressive experiments. The negligible temperature increase
within the shear band indicates that the change of free volume concentration should

not be induced by the thermal effect but by the pressure effect.
4.4.2  Hardness Evolution

Hardness values of the Zr-based bulk metallic glass have been investigated at dif-
ferent strain rates. Two different methods have been used to reveal the strain rate
effect on the metallic glass. The first method is indentation at different constant
strain rates, and the second one is strain rate jump method in a pre-designed single
indentation experment. With both methods, the hardness shows a increase trend
as the applied strain rate is increased. However, the strain rate sensitivity obtained
from the constant strain rate method is about six times larger than the one measured
by the strain rate jump test. To evaluate the accuracy of those data and explain
this discrepancy, we have to use CSM model[68]. As discussed in Chapter 2, the
shear transformation zone volume 2 can be represented by Equation 12. Here, the
experimental results of the strain rate sensitivity from the constant strain rate and

strain rate jump tests using the instrumented nanoindentation are 0.064 and 0.0103,
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respectively. Plugging these two values into Equation 12, the shear transformation
zone volume is calculated to be 0.79nm? and 4.91nm3, respectively. According the
experimental results from Pan et al.[128] and the theoretical analysis of the shear
transformation zone by Johnson and Samwer[68], the shear transformation zone is
composed of about several hundreds of atoms, which will give a volume of the STZ
on the order of about several nm?. In view of this, it seems that the constant strain
rate nanoindentation has over estimated the strain rate sensitivity of this Zr-based
bulk metallic glass. Our uniaxial compression experimental results also suggest the
inaccuracy of the constant strain rate nanoindentation tests, and our compression ex-
periments give a strain rate sensitivity m = 0.022, which is close to the value obtained
from the strain rate jump test with nanoindentation.

The main reason of the inaccuracy during the constant indentation strain rate
experiments is because of the thermal drift of the instrument. At the smallest imposed
strain rate, ¢ = 1 x 1073, the loading time is about 3000 s. With the allowable
maximum drift rate of 0.05nm/s, the total drift during the whole loading process
is about 150nm, which is about 20% of the total displacement. This larger thermal
drift effect will produce a lower hardness value during the low strain rate experiments
and therefore spuriously increase the strain rate sensitivity. In contrast, the strain
rate jump method only requires about 660 s to complete the experiment, which will
significantly mitigate the thermal drift effect.

As discussed in Chapter 2, the typical stress-strain curve under compression does
not exhibit any strain hardening. The absence of strain hardening was mainly caused

by the absence of dislocations in the intrinsic amorphous structure of the metallic
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glass material. However, the nanohardness profile from the low strain rate indenta-
tion experiments reveals increased hardness values as the displacement into specimen
surface is increased (Figure 34). Prior researchers also reported such apparent strain
hardening during the different test configurations of metallic glasses.

For example, Yang et al.[175] reported the observation of strain hardening and
recovery in a Zr-based bulk metallic glass at room temperature. They applied cyclic
instrumented nanoindentation loading to the specimen, and an increased hardness
value was observed when the sample was reloaded immediately after unloading then
gradually reduced to a stable value. Das and his co-workers|25] also reported the
observation of significant increase in flow stress during the uniaxial compression test
of a Cu-based metallic glass with a large plastic strain of 18%. Recently, Deng and
Schuh[27] applied molecular dynamic (MD) simulation for nanoindentaion test of
Cu-based metallic glass. They also suggested the strain hardening effects during the
test. The experimental results also suggested the hardening effect under the cyclic
loading[127]. In contrast, Bei et al.[6] reported softening caused by the formation of
profuse shear bands in a Zr-based metallic glass with a low glass transition temper-
ature. They control the compressive strain of the specimen and performed hardness
tests with respect to different compressive strains. They found that the hardness
value decreased as the plastic strain is increased.

In this work, nanoindentaion with the CSM method at a constant strain rate was
used. At relatively low strain rates, such as 1 x 1073 and 1 x 1072 57!, the hardness
profile of the material shows an increase trend as the displacement is increased. Figure

34 shows the hardness as a function of the displacement, and the strain rate plot of
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corresponding experiment shows that the system becomes stable after an indentation
depth of 150 nm. The hardness value increases 11.7% compare the value from 200 nm
and the hardness value from the maximum displacement. It is noted that the hardness
increasing accompanied by the hardness serrated flow . Serrated flows are observed
which happened at the same depth as the displacement burst occurred (Figure 34).
Hardness value dropped suddenly with the formation of a single shear band and its
subsequent propagation. After the shear band is arrested, the hardness value will
increase to a higher level and then it is followed by another shear offset. This process
is very similar to the deformation stage 1 shown in the uniaxial compressive results
of Figure 13, although Song et al.[145] stated that the curvature during this stage
was caused by random formation of shear bands, instead of any kind of hardening
mechanism.

In order to describe the hardening mechanism during the low strain rate nanoinden-
tation experiments, we need to understand the inhomogeneous deformation process
associated with a metallic glass. It is well known that the plastic deformation of
BMGs is through the formation of localized shear bands. It has been demonstrated
that the mechanical plastic instability due to the formation of shear band was gov-
erned by the free volumes inside the metallic glass material[147, 2, 35, 32]. When the
concentration of the free volume is larger than a critical value, shear band will form
and propagate. The free volume evolution process can be described by the following

equation proposed by Spaepen[147]:
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where v* is the critical free volume required for an atomic jump, f is the jump
frequency, AG™ is the activation energy of an atomic jump, k is the Boltzmann’s
constant, 1" is the temperature, o, is the geometrical factor on the order of unity, S
is related to the Poisson ratio v and the shear modulus pu, € is the atomic volume
and np is the number of diffusive jumps necessary to annihilate a free volume equal

to v*. In Equation 31, the free volume change is a competition between the creation

1 . . 2a kT TQ
and annihilation of the free volume represented by the terms of V; 3 (coshm) and

1

prand respectively.

In Equation 31, it is noticed that the free volume concentration is related to the
temperature T and the free volume annihilation rate. Previous calculation has shown
that the temperature increase during the shear band process at nanoindentation is
very small, and the free volume annihilation rate at room temperature is always small
compared with the free volume creation induced by the applied stress. Therefore the
hardening effect may need to be considered from the structure evolution aspect. Since
the applied strain rate is low enough to trigger the shear band individually (suggested
by the displacement burst on the P-h curve), the hardness evolution can be explained
by the individual shear banding process. Once the applied stress overcomes the initial
activation energy of the structure barrier, flow dilatation will take place. Although
the temperature effect is negligible, the shear-induced dilatation inside the actively

deforming shear band will increase the local free volume and decrease the visicosity
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significantly. As a consequence, the local atomic features and mobility characteristics
may become similar to those at T} of the alloy, which results in a large reduction of
the interatomic interaction. The uniaxial compressive test results suggested that the
viscosity value inside individual shear band during its formation process is equivalent
to that under the condition of T,. With the lowered viscosity, the shear band will
propagate until the imposed strain has been accommodated, and then the shear band
will be arrested and recovered. During the final stage of plastic deformation, the local
atoms will rearrange, and Kim et al.[76] suggested that nanocrystallization will occur
at the recovery stage. The formation of the nanocrystalline particles will increase
the hardness of the material, which results in an increased hardness curve shown in
Figure 34. The same deformation induced nanocrystallization and its influence on
the work hardening in metallic glass composite under quasi-static compression tests
has been reported by Lee et al.[84].

As to the observed hardness profile at relatively high strain rate (Figure 35), the
disappearance of the hardening effect is due to the immaturity of the shear band
process during the high strain rate indentation. As the applied strain rate exceeds
the rate of relaxation of a single shear band, the first band will still be operating
and has no time to go through recovery and as a consequence the atoms will have
no time to rearrange themselves to form nanocrystalline particles. As the stress level
exceeds the yield stress again, a second shear band is initiated. The absence of the
nanocrystalline phase upon the high strain rate loading gives a uniform hardness
profile. The immaturity of the shear band process under high strain rate loading

is also proved by Figure 33, where during the low rate loading, the fully developed
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shear bands produced a large displacement compared to that of high loading rate.
It is worth of pointing out that the hardening during the nanoindentation may also
be caused by the high density and the interaction of the shear bands beneath and

around the sharp indenter[133, 25].
4.5  Conclusions

In this chapter, we have described and discussed the results from instrumented
nanoindentation experiments of the Zr-based bulk metallic glass. Three different test
methods have been used, including load control, displacement control and strain rate
jump. During both the load control and displacement control experiments, serrated
flow is manifests itself as a series of displacement burst. The discontinuities in the
load-displacement curves suggest the operation of an individual shear band. Serrated
flow is found to be a strong function of the applied strain rate. At relatively high
loading and strain rate, flow serration is suppressed.

Strain rate sensitivity has been measured with different methods. The results
suggested that the commonly used constant strain rate nanoindentation test produces
an overestimate of the m value. Compared to results from the constant strain rate
experiment, those from strain rate jump test via instrumented nanoindentation is
more accurate.

Strain hardening has been observed during the low strain rate nanoindentation
tests. The continuously increased hardness profile suggests the structure change dur-
ing the plastic deformation process upon nanindentation. Nanocrystallization during

the individual shear band formation can be used to explain the increased hardness
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during the low strain rate indentation tests.



CHAPTER 5: MECHANICAL BEHAVIOR OF TUNGSTEN PARTICLE
REINFORCED METALLIC GLASS COMPOSITE

5.1  Introduction

At room temperature, metallic glasses exhibit a high yield stress compare to their
crystal counterpart. However, in most cases, this kind of material fails catastrophi-
cally under uniaxial loading, particularly in tension, due to localized shear banding.
As a result, the plastic strain that a metallic glass specimen can sustain during either
compressive or tensile laoding is very limited, and the value is almost zero upon the
tensile loading[62, 183]. As has been described in Chapter 2 of this thesis, the plas-
tic strain prior to failure is less than 2% under quasi-static loading, and there is no
strong evidence for significant plastic strain when the imposed strain rate is in the dy-
namic region (strain rate ~ 103s71). The very much limited plastic strain has become
the Achilles’ heel of metallic glass. Various methods have been proposed to develop
metallic glass based composite materials consisting of a metallic glass matrix with
reinforcement of ductile second phase[42, 44, 15, 19, 33|. For example, Hays et al.[42]
first reported a ductile metal reinforced bulk metallic glass matrix composite contain-
ing in situ formed dendrite dispersions. The plastic strain was significantly increased,
which was attributed to the organized shear band patterns developed throughout the
samples upon mechanical loading. Hofmann et al.[44] also reported that metallic

glass matrix reinforced with ductile dendrite dispersions could exhibit significantly
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increased toughness and tensile ductility. Beside in situ forming the second phase
reinforcement, researchers have reported mixing a ductile material with the metallic
glass matrix[15, 19]. Conner et al.[19] used tungsten and steel fibers as reinforce-
ment; Jiao et al.[65] and Li et al.[93] reported a simultaneous increase in strength
and ductility with the introduction of tungsten into Zr-based metallic glasses.

In general, introducing reinforcement in the form of particle, wire or fiber into
metallic glass matrix enhances the toughness and ductility of bulk metallic glass
composites. So far, most of the research efforts in this area have been focused on
Zr-based metallic glasses as the metallic glasses matrix because of their excellent
glass-forming ability which in turn renders manufacturing of BMG-based composites
an easy process.

In this chapter, we will examine the mechanical behavior under uniaxial compres-
sion of a metallic glass composite material consisting of the amorphous phase of
H fs555T1i5Cu17.9Ni14.6Al10(Hf105) reinforced with 72.5 vol% tungsten particles. The
strain rates used in this work (107*s™! to 4 x 103s7!) covers both the quasi-static
and dynamic (high strain rate) loading conditions. The experimental results suggest
an increase of total plastic strain under compression. Compared to the un-reinforced
amorphous alloy, for which the strength decreases with strain rate in the dynamic
region, the strength increases with strain rate for the metallic glass composite. The
reasons behind this significant change in mechanical behavior by the introduction of

reinforcements have been discussed.
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Table 4: Physical and mechanical properties of tungsten reinforced Hf-BMG matrix

composite.
Material Density(g/cm3) | Young’s modulus(GPa) | Hardness(GPa) | Melting temperature(K)
Hf105-W72.5 | 17.85 333 6.2 N/A
Hf105 11.1[75] 128 78 1300[74]
A\ 19.3 411 3.4 3695
5.2 Materials and experimental procedure

The BMG-based composite material used in this work was prepared by US Army
Research Laboratory (Aberdeen Proving Ground, MD) using a hot isostatic press-
ing(HIPing) system for the consolidation of tungsten and the metallic glass powders.
The Hf-based metallic glass powder was atomized at Ames Laboratory. A specially
designed HIPing system was used which was equipped with an in-situ sensor to mon-
itor the shrinkage of the HIPing can in order to prevent the formation of the HfW2
inter-metallic phase. The tungsten and Hf-BMG powders were mixed together in the
HIPing can, and the initial temperature was held at around 730K to allow rearrange-
ment and partial consolidation of the powders. Then the temperature was increased
to about 1300K with a pressure of 206MPa to allow the powder to achieve further
consolidation. Afterwards the temperature was increased to the liquidus temperature
of the metallic glass phase of H f505Ti5Cu17.9Ni14.6Al10 (1330K)[74, 75]. The powders
were consolidated at this temperature until a change was observed in the sensor signal
that indicates the completion of the consolidation process. Then the system is shut
off to lower the temperature and pressure inside the HIP can. The basic properties
of the composite and its components are listed in Table 4.

The as received composite material was electric discharge machined(EDM) to small

specimens of cylinders with a diameter of 2.5 mm and a length of 2.5mm. The loading
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surfaces were polished down to 0.5 pum before mechanical loading. The Vicker hard-
ness value was measured using a microhardness tester. Scanning electron microscopy
(SEM) was used for the morphology and fracture surface characterization. SEM was
performed on a JEOL 6480 microscope operated at 15kV.

Quasi-static strain rate jump test was conducted using an MTS hydro-servo sys-

tem. The initial imposed strain rate was 8 x 1074s7*

, and after the sample entered
plastic deformation region, the strain rate was increased to 1.6 x 1073s~! for a fur-
ther deformation of 2.5% strain. Then the strain rate was jumped to the final value
3.2 x 1073571 until the prescribed strain was obtained. Dynamic compressive loading
at strain rates of around 4 x 103571 was performed using a desktop Kolsky bar system.

Compared to the conventional Kolsky bar system, the desktop bar can be used to

test smaller samples and provide higher strain rate.

5.3  Experimental results

Figure 38: SEM characterization of the as received tungsten reinforced Hf-based
metallic glass composite. (a) low magnification of the polished surface. (b) high
magnification of the surface. The bright area is tungsten particles and the grey area
is the H-BMG matrix, the black areas which are circled out in (b) are voids formed
during the HIP process.
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The morphology of the composite was characterized by SEM. Figure 38 shows the
microstructure of the polished surface of the as received composite material. The
bright areas denote the tungsten particles, while the grey areas are the metallic glass
matrix. This micrograph suggested that the tungsten reinforcing particles are uni-
formly distributed in the amorphous matrix. Because of the large volume fraction(72.5
vol%) of the tungsten particles, it seems that the Hf-based metallic glass matrix is
surrounded by the tungsten phase. Micro-voids are observed on the surface of the
as received composite, which has been cycled out in Figure 38(b). Since the preform
of the BMG-based composite has been produced through an initial HIP technique,
the material may not be fully dense and voids may exist after the initial HIP. Addi-
tionally, the BMG may not fully amorphous. It is also possible that the difference
between the coefficients of thermal expansion of W and Hf-BMGs may have caused
the formation of the micro-voids during the cooling stage.

Figure 39 shows the representative true stress-strain curves of the metallic glass
composite and the Hf-BMG under quasi-static compression. For comparison, the
quasi-static compression result of pure W is also included[164]. The yield stress
of the composite is comparable to the yield stress of pure W, but is lower than
that of Hf105 metallic glass. It can be inferred that the W reinforcement plays a
dominant role during the quasi-static loading. The stress-strain curve of the BMG-
based composite also exhibit a significantly increase in the total compressive plastic
strain compared to the stress-strain curve of the metallic glass. It should also be
noted that the experiments were stopped at a prescribed strain, and no failure has

been observed. The quasi-static stress-strain curve also includes the strain rate jump
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Figure 39: True strain-stress curves for metallic glass composite and the pure amor-
phous Hf105 metallic alloy under quasi-static compression.

information, and a value of strain rate sensitivity m = 0.023 was obtained. The strain
rate sensitivity of the composite is very close to the value of the tungsten, which is
about 0.025[162]. This m is also higher than the number reported by Jiao et al.[65]
for W reinforcing Zr-BMG composite. We believe that this is a result of the high W
volume fraction in the material studied in this work. Compared to other W reinforced
metallic glass composite[93, 65], the quasi-static compression test in this work shows
a strong strain hardening effect. The detail will be discussed in the following section.

Figure 40 shows the representative true stress-strain curve for the metallic glass
composite under dynamic loading condition together with that of Hf105 metallic
glass. For comparison, the dynamic behavior of pure tungsten is also included[164].

The stress-strain curve suggests that the BMG-based composite reaches the maxi-
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Figure 40: True strain-stress curves for metallic glass composite and the pure amor-
phous Hf105 metallic alloyunder dynamic compression.

mum stress and then starts to show flow softening behavior, which is similar to the
dynamic deformation behavior of ultrafine grained (UFG) W reported by Wei and
co-wrokers[162, 164]. More than 20% plastic strain is observed from the dynamic
compression experiments of the BMG-based composite.

Compared to the quasi-static results, the yield stress of the composite is greater
under dynamic loading. This is in sharp contrast to the behavior of the un-reinforced
bulk metallic glass which shows an opposite trend. This positive strain rate sensitivity
of the W-reinforced BMG composite, which is also proved by the strain rate jump
test, can be attributed to the high volume fraction of the W reinforcement. The
similar behavior of W and W reinforced Hf-BMG composite suggests that the BMG

based composite behavior is dominated by the W particles.
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Figure 41: Post-mortem SEM images of the composite specimen under quasi-static
loading. (a) is the overview of the tested sample, the loading axial is horizontal,
serveal large cracks with numerous microcracks can be observed. (b) Cracks propagte
through the phase boundaries with changing direction and (c¢) microcracks are mostly
inside the glass.

Figure 41 displays the micrographs revealing the deformation mechanism of the
W-reinforced BMG composite under quasi-static loading. The tested specimen did
not fail at the prescribe strain. Several large cracks are observed on the side surface,
and numerous microcracks can also be observed. Most of the cracks propagated along
the loading axis. The cracks appear to have been initialized inside the glass phase,
and the interface between the glass matrix and the W particles stopped the cracks or
at least changed the propagation direction. No shear band on the sample surface was

observed, which is different from the observation of other research work[93, 65, 167].
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Figure 42: Post-mortem SEM images of the composite specimen under dynamic load-
ing. (a) is the overview of the fracture surface, two different fracture surfaces were
observed, (b) enlarge view of the fracture surface shows sehar bands formed and
melted glass. (c) magnifaction of the area (c) in Figure (a) reveals shear bands and
the craks and (d) high magnification view of area (d) in Figure (a), indicates the flow
of metallic glass over the W particles and the flow direction is denoted by the arrow.

During the dynamic compression, all specimens failed into several fragments. Fig-
ure 42 shows the SEM micrograph of the fracture surface of the BMG composite. The
deformation features shown here are similar to those under quasi-static compression,
in that the inter-phase boundaries suppress the propagation of the cracks. However,
shear band and local melting of the metallic glass phase are observed on the fracture
surface, which indicates that more sever plastic deformation has occurred during dy-

namic loading. When the fracture surface is close to 45°, the surface is more smooth
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compared to other fracture areas, indicating a large area of the flow of the melted
glass over the W particles, as shown in Figure 42(d). The same flat shear surface was
also reported by Choi-Yim et al.[14] for a tungsten reinforced Zr-based metallic glass
composite. Another example of the fracture surface morphology is shown in Figure
42(d). Here, axial split fracture can be observed which might have been caused by
the splitting of the W phase. The same shearing/splitting, smooth/rough fracture

surface is also observed by Xue et al.[172] and Leng et al.[85].
5.4 Discussion

The sporadic voids observed on the surface of the as-received composite is most
likely introduced during materials processing. The different coefficients of the thermal
expansion of the bulk metallic glass matrix and the tungsten reinforcement introduce
thermal strains during the cooling from the consolidation temperature. The ther-
mal strain can be calculated by ¢, = AaAT, where A« is the thermal expansion
coefficient difference between the W phase and the H-BMG, and AT is the temper-
ature difference between the consolidation temperature and room temperature. The
thermal expansion coefficient for the Hf-based metallic glass is found to be about
12 x 107°K~![113], and the value for W is about 4.5 x 107K ~!. The temperature
change during the processing is about 1000K. According to the equation, the total
strain caused by the thermal expansion mismatch is about 0.75%, which is quite
significant and may induce micro-voids during the cooling stage during the HIPing
process. Also the residual stress left at the interface of the W and metallic glass

matrix typically lowers the tensile yield and ultimate strengths[3].
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Another reason that may cause the micro-voids in the as received composite is
the HIP run number. The run number of the HIP process determines whether the
specimen is fully dense or not. Since the specimens tested in this work have only gone
through the initial HIP run, and the high temperature was removed once the HfW2
inter-metallic phase was detected. The specimen may not be fully dense at the time
when the high temperature and pressure are removed. More HIP runs maybe needed
to produce BMG-based composites with higher density.

Unlike other metal matrix composites (MMC) (e.g. magnesium-based MMCs[142]),
metallic glass composite contains the amorphous phase alloy which does not have dis-
locations, and therefore cannot undergo extensive plastic deformation upon mechan-
ical loading. Nevertheless, the reinforcement W particles should have good ability to
deform plastically. It is assumed that yielding begins when the stress level inside the
specimen is larger than the yield stress of the W particles. This is also revealed by
Figure 39, where the true stress-strain curve bends over when the stress level reaches
the yield stress of the W. This indicates the initial yielding of the composite is indeed
triggered by the yieldingof the reinforcement phase.

The large compressive plastic strain of the composite was caused by the confinement
of the crack propagation inside the metallic glass matrix. The large difference in elastic
modulus between the metallic glass matrix and the tungsten reinforcement particles
creates stress concentrations that may promote the shear band and crack initialization
in the matrix, as shown in Figure 41(c). The Poisson’s ratio difference between the
matrix and the particle will refine the cracks and promote multiple micro-cracks to

be initialized inside the matrix and as a consequence, increase the plastic strain of
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the composite.

Strain hardening has been observed during the quasi-static compressive test of the
composite experiment of the BMG-based composite. Experimental results reported
by other researchers on the quasi-static compressive experiments of W reinforced
metallic glass matrix composites all exhibit steady plastic flow after yielding[130, 20,
24, 18], which is different from our result. It should also be noted that numerous
pre-existing pores can be found inside the specimen as shown in Figure 38. It has be
widely reported that the porous alloys and MMCs exhibites strain hardening during
the quasi-static and the dynamic compressive tests[22, 77]. The strain hardening
effect of the tested composite is caused by the micro-voids inside the composite.
Since compressive test is a highly constrained test, the density of the porous composite
increases as the plastic strain increases. The overall strain hardening is a consequence
of the progressive compacting of the voids during the compressive deformation of the
specimen.

The yield stress of the BMG composite under dynamic compressive loading is
significantly greater than that under quasi-static compressive loading. The increase
of the yield stress with increasing strain rate can be attribute to the high volume
fraction of the W particles. Both W and W-composite are well known to exhibit
a positive strain rate sensitivity[162, 163, 173]. However, compared to quasi-static
experimental results, a strain softening was observed during the dynamic loading of
the BMG composite. The flow softening of the BMG composite material indicates
that during the dynamic loading, the density increases caused by the compressive

strain will not play the dominant role on the flow stress of the material, and other
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deformation mechanism may cause the stress decrease during the dynamic loading.
SEM observation of the fracture surface of the dynamically loaded specimen suggests
that the specimen undergoes more severe plastic deformation during the dynamic
loading, and multiple shear bands and melting of the glass phase can be seen on the
fracture surface beside the propagation of the cracks. The shear band formation and
the melting of the glass phase suggest that significant adiabatic temperature rise might
have taken place during the short loading time. Like other bce metals, the strength
of tungsten decreases rapidly with increasing temperature[87], and the viscosity of
the metallic glass also decreases significantly when the temperature increases to the
super-cooled liquid temperature region. Therefore, during the dynamic loading, the
thermal softening effect is stronger than the increased density effect, and this will

produce a strain softening as shown on the true stress-strain curve.
5.5 Conclusions

In this chapter, we investigated the deformation and failure behavior of 72.5%
vol% W particle reinforced H f50 5T15Cu17.9N114.6Al19 metallic glass matrix composite
under both quasi-static and dynamic compressive loading. The results and discussion
suggest that:

1. The addition of the W reinforcement can significantly increase the plastic de-
formation ability of the metallic glass. The large plastic strain is mainly attributed
to the plastic deformation refinement between the W and the glass matrix.

2. Strain rate jump experiments reveal a positive strain rate sensitivity of the

BMG composite with a value of 0.023, which is very close to the value of tungsten.
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It suggests that the yielding of the composite can be mainly attributed to the high
volume fraction of the tungsten reinforcement. A significant yield stress increase
during the dynamic compressive loading is also observed for the composite which is
similar to W and W-composite.

3. Pre-existing voids inside the specimen cause the strain hardening during the
quasi-static test. However, under dynamic loading, adiabatic thermal effect plays a
key role in the flow stress of the composite, which decreases the stress with increased
strain.

4. No failure has been observed for the quasi-static specimen. Instead, only cracks
can be seen on the sample surface, presumably propagating along the loading axis.
Samples failed during the dynamic loading after 25% strain. The crack propagation
and the shear of the glass matrix are the main reasons for the failure of the BMG-

composite based on the SEM observation of the post-loading specimens.



CHAPTER 6: CONCLUSIONS AND FUTURE WORK

The mechanical behavior of Zrs5Al10NisCusg and a few other BMGs was studied
by MTS and Kolsky bar system at quasi-static and dynamic uniaxial compressive
loading at room temperature. Quasi-static true stress-strain curves showed serrated
plastic flow before failure, and the serrated flows was found to be associated with
the formation of individual shear band during the compression. Stress induced local
viscosity decrease was found during the serrated flow. Compressive experiments at
different quasi-static strain rates have been performed to evaluate the strain rate sen-
sitivity of the bulk metallic glass, and the strain rate sensitivity of the Zr-based bulk
metallic glass is found to be positive. Based on this, the volume of the shear trans-
formation zones has been calculated with the strain rate sensitivity value. However,
at the dynamic (high) strain rates, the fracture stresses were lower than those in the
quasi-static compressive experiments. Temperature increase in the specimen in the
dynamic experiments was found to be the main reason for the strength drop at the
high strain rates.

A synchronically assembled heating system was successfully attached onto the Kol-
sky bar system to perform the high temperature and high strain rate uniaxial com-
pressive experiments of the Zr-based bulk metallic glass. A transition from inho-

mogeneous plastic deformation (i.e., shear banding process) to homogeneous plastic
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deformation has been observed when the ambient temperature was close to the glass
transition temperature of the specimen. The specimen deformed uniformly when the
temperature was greater than 678K, and no failure was observed over even at 40%
strains. However, no transition has been observed at dynamic strain rate even when
the testing temperature was 718K. The free volume model was successfully applied
to explain the deformation mechanism of the material. The deformation mechanism
relates to the free volume concentration inside the specimen, which is controlled by
the stress induced free volume creation competing with the free volume annihilation
caused by the atomic diffusion process. The maximum stresses were found to decrease
with increasing temperature.

Nanoindentation experiments with three different testing methods have been per-
formed on the Zr-based metallic glass. Constant strain rate experiments produced a
high strain rate sensitivity compared to the result from the strain rate jump exper-
iments with nanoindentation. Large thermal drift effect has been found at the low
strain rate during the nanoindentation experiments, which renders the strain rate
sensitivity value to be greater than that from the strain rate jump tests. Hardness
evolution was found and discussed.

Finally, tungsten particle reinforced H fs0.5Ti5Cu17.9Ni14.6Al19 bulk metallic glass
matrix composite is tested under both quasi-static and dynamic uniaxial compres-
sive loading. The over 70 vol.% addition of the W particles enhanced the plastic
deformation ability of the bulk metallic glass significantly. The quasi-static strength
is equivalent to the strength of the matrix, however, strain hardening has been ob-

served after elastic deformation which is caused by the porous structure. The dynamic
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strength was improved significantly, and the yield strength is about 2.5 GPa, much
higher than the strength of the metallic glass matrix (~ 2 GPa). The increased
strength with increasing strain rate of the composite is very similar to the behavior of
tungsten, which indicates that the high volume fraction of the W reinforcing particles
dominated the deformation behavior of the composite. Strain softening was observed
in the high strain rate experiments caused by the local temperature increase and
softening of the matrix.

Although the coupled thermo-strain-rate experiments have been conducted on the
bulk metallic glasses, and the free volume model has been applied to explain the de-
formation mechanism, evaluation of the thermal effect at different quasi-static strain
rates to fully characterize the mechanical behavior of the Zr-based metallic glasses at
elevated temperature is yet to be done. The shear banding process has been found
to be due to the low viscosity caused by the imposed stress, but a more detailed
shear band characterization with hardness evaluation, and the transmission electron
microscopy observation needs to be performed to reveal the detailed microstructure
variation inside the shear band. Also, TEM investigation of the indentation area of
the specimen, especially for the low strain rate indents , need to be conducted to
reveal the crystallization and free volume migration during the plastic deformation
process. The effect of the crystallization behavior during the deformation might be
predicted. For the metallic glass matrix composite, more experiments need to be
performed on the effect of the volume fraction on the mechanical behavior of the
composite. The material processing can be improved to reduce the voids inside the

material to eliminate the effect of the voids.
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