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Abstract

The various influences on glass-forming ability and crystallization in a series of alloy
compositions ranging along a tie-line from Zry; 5 Ti;38Cu125NijgBegs s to

714675 Tig 25 Cur 5 NijgBeor 5 are studied using multiple techniques. Both the kinetic
and thermodynamic aspects of crystallization are examined experimentally and used
to explain why, in this series, thermal stability is greatest in those alloys with the
poorest glass-forming ability. Overall, the investigations reveal that a single criterion
like thermal stability or high viscosity is an insufficient indicator of the glass forming
ability in certain complex bulk glass-forming systems. Instead, in these complex
systems, multiple criteria must be combined to get a complete picture.

The equilibrium viscosity of Zry; 2 Ti138Cu125NijgBess 5 and three other alloys was
determined for temperatures near the glass transition using three-point beam bend-
ing. The results of these measurements indicate that the alloys in this system are
moderately strong liquids, and relaxation behavior is directly influenced by a chemical
decomposition process which occurs in the supercooled liquid.

This decomposition process also appears to affect the crystallization behavior in
the same series of alloys. Critical cooling rates were determined by observing crys-

tallization upon cooling from the molten state with different rates, and these were
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compared to thermal analysis performed under constant heating conditions. The lat-
ter measurements show that the supercooled liquid region is largest for compositions
midway between the two endpoints; in contrast, the critical cooling rate increases
continuously from 1.4 K/s to 28 K/s for each successive alloy in this series.

In order to examine the crystallization process more closely, low temperature
time-temperature-transformation diagrams for the alloy series were measured during
isothermal annealing of initially amorphous specimens. For all investigated alloys, a
primary quasicrystalline phase forms at a rate which varies substantially with alloy
composition. Describing the complicated influences on crystallization required not
only the previous thermal analysis but also constant heating measurements and x-ray

diffraction data obtained after various states of annealing.
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Chapter 1

Introduction

1.1 Interest in Glass-Forming Ability

In the 1960s it was discovered that certain binary metallic systems could be forced
to solidify without crystallizing if cooled with a rate of approximately 10% K/s [1].
Subsequent decades witnessed the development of numerous multicomponent alloys
with cooling rates to form a glass ranging from 100 K/s to 1 K/s [2, 3, 4, 5], allowing
such materials to be cast in bulk form, with dimensions on the order of centimeters.
In general, it has been found that glass-forming ability (GFA) in these bulk metallic
glasses (BMG) tends to increase as more components are added to each alloy com-
position, implying a “confusion principle” [6]. Increasing the components in an alloy
system destabilizes competing crystalline phases which form during cooling, effec-
tively frustrating the alloy’s ability to crystallize by making the liquid phase more
stable relative to the crystalline phases. Over time, the discovery of new and better
glass formers has naturally prompted a search for comprehensive underlying rules
that predict GFA based on common thermodynamic and kinetic properties of BMG

compositions. In pursuit of these principles, heuristic predictive indicators have been
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n D* AT T.q AG)_,
Relationship to | GFAT | GFAT | GFAT | GFAT | GFA7

Glass-Forming as as as as as
Ability n7t D71 | AT T | Ty T | AGi—, |

Table 1.1: Predictive indicators of glass-forming ability.

examined in an attempt to characterize the underlying mechanism.

1.2 Predictive Indicators of GGlass-Forming Ability

Recent analysis of multicomponent system with excellent glass-forming ability has
yielded correlations between various thermophysical properties and GFA. Table 1.1
summarizes these correlations for certain parameters discussed in this work, and rep-
resents the current consensus for a wide range of glass-forming systems. The majority
of the parameters listed in Table 1.1 show a positive correlation with GFA. GFA is
quantified by R., the critical cooling rate for glass formation. R, is obtained by di-
rectly measuring the minimum rate at which a molten sample can be cooled without
crystallizing. Kinetic parameters such as the equilibrium viscosity, 7, and fragility
parameter, D*, show that alloys which exhibit high viscosities through a wide temper-
ature range tend to form glasses more readily. Experimental evidence has supported
a positive correlation between AT and T4, the thermal stability and reduced glass
transition temperature, respectively, and GFA. Finally, AG,_,, the Gibbs free energy
difference between the liquid and the solid state, has a direct influence on nucleation
and thus the ability to bypass crystallization during cooling.

From a thermodynamic standpoint, bulk glass formers naturally exhibit character-
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istics which indicate a low driving force for crystallization in the supercooled liquid.
This low driving force reduces nucleation rates and therefore correspondingly im-
proves GFA. Thermal analysis of metallic glasses, particularly the more stable ones,
allows the specific heat capacity, c,, and enthalpy of fusion, AH/, to be determined
as a function of temperature. Using these parameters, AG;_, can be calculated and
compared for the various glass-forming compositions. According to classical nucle-
ation theory, the free energy barrier to the formation of a crystalline nucleus in a

supercooled liquid can be represented by

o - 167 ()’

3 (MG, Y

where v, represents the interfacial free energy between the solid and liquid. This

parameter in turn influences the steady-state nucleation rate through

(1.2)

]SS:A-D-exp<—AG>

kgT
where A is a constant, D represents an effective diffusivity, and kg is Boltzman’s con-
stant. From these equations, it is clear that the steady-state nucleation rate increases
as AG,_, increases. Experiments have confirmed that bulk GFA is correlated with
smaller values of AG,_, [7].

Despite an observed discontinuity in the specific heat at the glass transition, it
is inaccurate to consider the glass transition a thermodynamic phase transition. 7p,

the glass transition temperature, depends on the experimental heating or cooling
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rate used during measurements, and thus kinetic parameters such as viscosity have a
significant influence on the GFA of a particular system. Bulk glass formers generally
exhibit high equilibrium viscosities over a large temperature range between the melt
and the amorphous solid.

The temperature dependence of the equilibrium viscosity can be described by a
fragility parameter, D*. Low values of D* are associated with low melt viscosities
and large changes in kinetic properties near T} (fragile liquids), while high D* values
correspond to high melt viscosities and small changes in kinetic properties (strong
liquids) [8]. BMG alloys, with melt viscosities substantially higher than pure metals
and a relatively uniform variation of equilibrium viscosity over a large temperature
range near 7T,, fall into the latter category. Such behavior has a distinct influence
on crystallization by retarding the formation and growth of crystalline nuclei during
cooling, resulting in better GFA overall.

To describe and predict the ability to bypass crystallization in supercooled alloys,
Turnbull suggested a criterion which takes into account thermodynamic and kinetic

factors involved in nucleation and growth [9]. He demonstrated that as

- T, glass transition temperature 2
= — = — —
Yo liquidus temperature 3

homogeneous nucleation in an alloy would be substantially suppressed, leading to
BMG behavior. T,, has been used to predict the GFA of a large number of glass-
forming compositions, and seems well suited to simpler alloys.

However, among the more complex multicomponent bulk metallic glasses are sev-
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eral “rogue” glasses with glass-forming abilities that do not fit the predictions of the
Turnbull criterion [10]. For example, despite high experimentally determined values
of T,y for Zry1 2 Ti135Cu125NijgBegs 5 [11], microstructural investigations have revealed
a high density of nanocrystals after annealing at low temperatures in the vicinity of
the glass transition in this alloy [12]. This implies a high nucleation rate, contra-
dicting predictions based on T,,. Multiple explanations have been posited to explain
this behavior, including phase separation in the undercooled liquid [12], a linked-flux
model of nucleation [13], and catastrophic nucleation [14].

Zr41 2 Ti138Cuy25NijgBegs 5 (Vitl) and Zrye 75 Tig 25Cur s NijgBear 5 (Vit4) have been
extensively studied over the last decade. In order to investigate correlations between
the various parameters discussed above, the author has performed studies on a se-
ries of alloys spaced equally in composition from Vitl to Vit4. Though these studies
have shown that the alloys in the series each have a different critical cooling rate
and thermal stability (represented by AT, the temperature interval between the glass
transition and the onset of crystallization), they all demonstrate excellent GFA, en-
abling the same experimental techniques to be applied to their study. In the past,
both R. and AT have been interchangeably used to describe the relative GFA for a
large number of metallic glass compositions from multiple alloy families. For the Vit1-
Vit4 series described above, however, the thermal stability tends to decrease as the
critical cooling rate decreases (i.e., the GFA increases), whereas indicators predict
that GFA should decrease with the thermal stability. This apparent contradiction

makes Zr-Ti-Cu-Ni-Be a favorable system to elucidate the various influences on GFA.



1.3 Thesis Overview

The present work will discuss the results of crystallization kinetics and flow behavior
studies performed on seven alloys along the tie line in composition space between
Vitl and Vit4. The various influences on GFA will be examined together as a func-
tion of composition: timescales for crystallization, timescales for viscous flow, ther-
modynamic properties, thermal stability, and previous results concerning nucleation
density will all be utilized. Crystallization studies will be summarized in the form of
time-temperature-transformation (TTT) diagrams, and viscosity data obtained using
beam bending methods will be presented for all alloys and discussed in the framework
of the fragility concept. These data show that even though the alloys near Vit4 ex-
hibit the slowest crystallization kinetics upon heating amorphous material, they also
have the lowest equilibrium viscosities for the same temperature range, counter to
expectations.

To assist in describing the crystallization pathways in this system, additional X-ray
diffraction (XRD) measurements taken after isothermal anneals of varying duration
will also be presented. These XRD data reveal that all the alloys form a metastable
quasicrystalline primary phase prior to subsequent bulk crystallization events. The
combined XRD studies and thermal analysis suggest a mechanism for the crystalliza-

tion process in this alloy series.
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Chapter 2

Viscosity Determination

Equilibrium viscosity in bulk metallic glass forming alloys (hereafter referred to as
BMG alloys) varies by fourteen orders of magnitude from temperatures above the
liquidus to near the glass transition, hence no single technique can be used to measure
this parameter throughout the entire temperature range. Recently, alloy systems
with high thermal stability against crystallization have allowed multiple techniques,
some previously used to study silicate glasses and polymers, to be applied to the
measurement of viscosity in BMG alloys. Techniques that have been used to study
BMG alloys in the molten state include the capillary flow method (in which the
liquid flow rate is observed as it is drawn up into a capillary by surface tension
and hydrostatic pressure [1]) and concentric cylinder rheometry (in which concentric
cylinders with liquid between them are are rotated against one another to generate
a torque signal proportional to the liquid viscosity [2]). Techniques that have been
used to measure viscosity at low temperatures include parallel plate rheometry (which
measures the deformation of a cylinder of material between two plates under an
applied load [3, 4]) and three-point beam bending (which derives viscosity from the

time-varying midpoint deflection of a beam supported at both ends with a point load
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applied to its center [5]).

For this study, three-point beam bending was utilized to measure equilibrium vis-
cosities in the vicinity of the glass transition, because the technique yields accurate
results over a large temperature range. Vitl was studied extensively in the temper-
ature range between approximately 600 K and 700 K, and the measured data were
combined with additional high temperature data obtained in separate studies in order
to derive a mathematical description of the equilibrium viscosity over a large range
of temperatures from the liquid to the amorphous state of this alloy.

Several other compositions, designated Vitla (Zrgs ¢3Ti12.37Cuy1.25NijoBess 75), Vitlb
(Zry4Ti11CuygNijgBess), and Vitle (Zrys 33 Tig 62Cus.75NijgBegg o5 ), were also examined
using the three-point beam bending technique. These alloys, together with Vitl and
Vit4, fall at equally spaced intervals on the tie line in composition space described
by (Zr37.5+2.5xT162.572.51)55(CuloofoNin)4l.2571.251B63.75+1.2517 from x = 13 to z = 19.
Fig. 2.1 describes the alloy series using a pseudo-ternary diagram in which the sum
of the Zr and Ti forms one axis and the sum of the Cu and Ni forms another. The
pseudo-ternary diagram is annotated to describe the trends in concentration for the
various elements in the series. The viscosities of Vitl(-b) and Vitl(-a), also shown
on the diagram, were not measured; Chapter 3 will discuss these additional composi-
tions. In addition, viscosity measurements of Vitla, Vitlb, and Vitlc were performed

over a more limited range of temperatures than for Vitl.
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Figure 2.1: Pseudo-ternary diagram showing the alloy series (Vit1(-b) to Vit4) de-

scribed by (Zrs7.542.5: Tis2.5-2.52)55(Cui00—32Nise ) 41.95-1 250 B€3.7541 250, from z = 13 to
r = 19.
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2.1 Setup and Technique

Samples of Vitl, Vitla, Vitlb, and Vitlc were prepared with elements of 99.5%
to 99.995% purity. The constituents were first arc-melted in a titanium-gettered
argon atmosphere to produce a homogeneous ingot. They were then sealed in a
quartz tube under a vacuum of 107% mbar, heated above the liquidus for 5 minutes,
and subsequently quenched in water with a cooling rate of approximately 50 K/s to
create fully amorphous samples. From these, beams with rectangular cross sections
between 0.1 and 1.1 mm? and lengths of approximately 10 mm were cut. A Perkin-
Elmer Thermal Mechanical Analyzer (TMA 7), calibrated using the melting points of
indium and zinc standards, was used to conduct isothermal measurements of viscosity.
In addition, differential scanning calorimetry (DSC) was used to observe enthalpy
relaxation and crystallization in these alloys. Samples were subjected to isothermal
anneals and 20 K/min heating rates in a Perkin Elmer DSC 7, which recorded phase
changes during the experiments.

The three-point beam bending apparatus is shown schematically in Fig. 2.2. This
technique involves the application of a load to the center of a beam with uniform cross
section, supported at both ends. Under isothermal test conditions, the deflection
of the center of the sample under a constant load is measured over time and used
to calculate the time-dependent viscosity. Viscosity values are obtained from the

deflection data using the following equation [5, 6, 7]:

p=—I2 <M+ pAL) (2.1)

241w 1.6
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where

7 is the viscosity in Pa s,

g is the gravitational constant (m/s?),

I.. is the cross sectional moment of inertia (m?),

v is the midpoint deflection velocity (m/s, v<0),

M is the applied load (kg),

p is the density of the material (kg/m?),

A is the cross sectional area of the beam (m?), and

L is the support span (5.08x 1072 for this setup).
Viscosities between 107 and 10** Pa s can be measured with this technique, allowing
the amorphous alloy, the glass transition region, and the deeply supercooled liquid of
Zr41 9 Ti138Cu195NijgBess 5 and similar alloys to be explored.

A typical viscosity measurement proceeded as follows: a beam was aligned on the
two supports, the probe was lowered, and the load was applied at ambient tempera-
ture. Then, the apparatus was placed in a furnace and heated at a rate of 200 K/min
under a flow of high purity helium gas until the isothermal annealing temperature
was reached. After the sample reached the annealing temperature, relative deflection
of the center of the beam downward was recorded. In order to obtain a value for equi-
librium viscosity at this annealing temperature, the time derivative of the deflection
signal was calculated and applied to Eq. 2.1 for each sample.

The experimental apparatus allowed a total range of displacement of 1 mm during

beam bending. For each experiment, the cross section of the beam and the applied
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Figure 2.2: Schematic representation of three-point beam bending setup.
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force were selected to yield results which maximized the total deflection without ex-
ceeding 1 mm. These selection criteria were necessary to increase the signal to noise
ratio of the resulting data, a critical factor for minimizing scatter when the viscosity
changed by several orders of magnitude during long-duration measurements. At low
temperatures in particular, it became difficult to analyze the data as scatter over-
whelmed the general trend. This occurred because the deflection signal changed very
slowly with time, and the changes were on the order of the increment of distance
that is detectable by the equipment. In order to analyze low temperature measure-
ments with excessive scatter, the data were smoothed using a parabolic FFT clipping
function with cutoff frequency ﬁ (n is the number of points considered, ¢ is the
time interval between successive points). Fig. 2.3 shows an example of viscosity data

smoothed using this technique.

2.2 Results

Fig. 2.4 shows deflection data obtained by beam bending during annealing at 643 K
for 16000 s. The deflection rate is initially large and decreases in magnitude during the
testing period. When substituted into Eq. 2.1, the viscosity data can be calculated
as depicted in Fig. 2.4. Here, the measured deflection of the sample corresponds
to an increase of the viscosity over time. It is apparent from these data that the
viscosity increase in Vitl occurs in two stages: a primary, rapid increase of viscosity
by approximately a factor of two for short times up to 1000 s, and a secondary rise

that continues for much longer times and leads to a change of viscosity of about two
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Figure 2.3: Viscosity data smoothed using a FFT clipping function. Frequencies

higher than %At, where n is the number of points considered and ¢ is the time interval

between points, were removed in the lower two graphs.
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Figure 2.4: Deflection data and calculated viscosity data obtained during annealing
at 643 K.

orders of magnitude within the shown time frame.

Isothermal viscosity data for 618 K, 638 K, and 653 K are plotted in Fig. 2.5.
Measurements at these temperatures also show an increase in viscosity which pro-
ceeds in two stages. Significant deviations from the initial viscosity change begin to
be observed at the times marked by arrows, and these times become shorter with
increasing annealing temperature. Fits to the initial relaxation are also included in
Fig. 2.5; the technique used to fit the curves will be explained in Section 2.3.1 of this
chapter.

For higher annealing temperatures, the timescale for relaxation of the amorphous
phase is much shorter. Fig. 2.6 contains data taken at 663 K. Unlike the measure-

ments shown in Figs. 2.4 and 2.5, these data display no notable upward relaxation
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Figure 2.5: Isothermal viscosity measurements at three different temperatures. The
initial increase in viscosity is fitted by a stretched exponential function and repre-
sents an isothermal relaxation from the amorphous state into the supercooled liquid.
Arrows at each curve indicate deviation from the initial relaxation.
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Figure 2.6: Isothermal viscosity measurement at 663 K. Deviations from the equilib-
rium viscosity are observed after 500 s (inset).

in the beginning of the measurement, because the relaxation time at an equilibrium
viscosity of 2x10° Pa s is only a few seconds. With such a short relaxation time, the
viscosity is constant immediately after the annealing temperature is reached. Con-
siderable deviations from the equilibrium viscosity of the original alloy are observed
after 500 s at 663 K (see inset of Fig. 2.6), and the material undergoes a viscosity
change of almost three orders of magnitude from 2x10% to 1.3x10'? Pa s between
approximately 500 and 8000 s. For longer times, the viscosity remains constant, sug-
gesting that a metastable equilibrium state has been reached. Figs. 2.4-2.6 suggest
that, for a wide range of test temperatures, drastic changes in the alloy’s structure
or composition occur over the course of each isothermal measurement, resulting in a

tremendous increase of viscosity with time.
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Figure 2.7: Isothermal DSC scan, viscosity measurement, and volume fraction of
nanocrystals [8] at a temperature of 643 K.

In addition to the rheological measurements, DSC was employed to observe en-
thalpy relaxation and crystallization in Zrg; 5 Ti138Cuy2.5NijgBess s during isothermal
annealing at several temperatures. Fig. 2.7 compares the DSC results with viscosity
changes at 643 K. In the DSC scan, the initial rise corresponds to enthalpy relaxation
of the alloy, during which quenched-in free volume heals out. This process is reflected
in the initial increase of the viscosity. Subsequently, an exothermic peak is observed in
the DSC curve. This peak is caused by phase separation and primary crystallization
of the alloy and has a direct effect on the viscosity change of the alloy, causing a shift
to a much higher viscosity at a given temperature. The crystalline volume fraction

data depicted in the lower part of Fig. 2.7 will be discussed in Section 2.3.2.
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2.3 Discussion

2.3.1 Equilibrium Viscosity

In order to determine the equilibrium viscosity of the initially homogeneous alloy,
relaxation from the amorphous state into the supercooled liquid has to be considered.
For Vit4, it was shown that in the respective temperature interval around the glass
transition the viscosity relaxation can be described by a single stretched exponential
function [9],

() = N0 + Tega(1 — e /™)) (2.2)

where

Ts is an average shear relaxation time,

( is a stretching exponent of the order of 0.8,

t is the time,

7, is the viscosity of the alloy before relaxation, and

Neq—a 1S the total viscosity change during relaxation from the

amorphous state into the supercooled liquid.
In contrast to Vit4, the viscosity changes of Vitl during the course of the present
experiments cannot be described by one stretched exponential function, as phase sep-
aration and partial crystallization have to be considered. However, the first relaxation
event can be reasonably well characterized by Eq. 2.2. Using this relationship, the
viscosity data have been fitted to determine the equilibrium viscosity as a function

of temperature for the chemically homogeneous alloy before phase separation and
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crystallization have progressed.

Fig. 2.8 summarizes the viscosity data for Vitl as a function of temperature.
Below 658 K the equilibrium viscosities of the quasi-homogeneous alloy are obtained
by fitting the first relaxation event to Eq. 2.2. The equilibrium values above 658 K
are determined from the experiments by taking the constant viscosity value directly
after reaching the annealing temperature (see Fig. 2.6). Fig. 2.8 also shows the vis-
cosity values that are reached after partial crystallization of the sample has occurred.
The latter data are evaluated from the effective upper viscosity limit of the second
viscosity change for 643-673 K (for example, the average viscosity between 8000 and
12000 s in Fig. 2.6) and are not determined from fits to Eq. 2.2. This equation
is not applicable because the viscosity increase is caused by a combination of phase
separation, nanocrystal formation, composition redistribution, and relaxation. We
discuss this in more detail in Section 2.3.2.

To describe the temperature dependence of the equilibrium viscosity in the entire
range of beam-bending data depicted in Fig. 2.8, the Vogel-Fulcher-Tammann (VET)
relation [10]

n(T) = o - exp (D* . (2.3)

T—T,)

is used, where
Mo is set to 4x107° Pa s [11]
D* is the fragility parameter, and
T, is the VFT temperature, typically used as a fitting parameter.

The VFT fit also includes data obtained from the molten liquid near 1000 K using
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Figure 2.8: Equilibrium viscosity of Vitl before and after primary crystallization.

rotating concentric cylinder experiments [2, 12], and yields D* = 18.5 and T =
412.5. Similar fragility parameters were found for Zryg 75 Tis.25Cur 5NijgBear s [9] and
MggsCuas Yig [13].

In Fig. 2.9 the viscosity of Vitl is compared with three non-metallic glass formers
in a fragility plot. In this plot the viscosity data are normalized to a temperature
where all the materials exhibit the same relaxation time (or viscosity). This tem-
perature, 77, is chosen as the temperature where the supercooled liquids exhibit a
viscosity of 10'? Pa s. Within the framework of the fragility concept, liquids whose
viscosities exhibit Ahrrenius behavior and remain very high in the molten state, such
as Si0,, are termed strong liquids. Fragile liquids, in contrast, have low melt viscosi-

ties and exhibit a dramatic change in viscosity close to T,7. According to Fig. 2.9,
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Figure 2.9: Fragility plot of the viscosities of Vit1 and three non-metallic glasses (Ref.

[10]).

Vitl is a moderately strong liquid, exhibiting behavior similar to that of NayO 2Si05.
This is consistent with the high melt viscosity of the order of 10 Pa s observed in this
metallic glass-forming alloy (measured melt viscosities are included in Fig. 2.9). For
further discussion on the strong liquid behavior of bulk metallic glass-forming liquids,
see Refs [9, 13].

Viscosity data obtained for all the alloys in the series between Vitl and Vit4 are
shown in Fig. 2.10. Also included on the plot are the various techniques used to obtain
the viscosity values at both high and low temperatures. From these data, it appears
that the equilibrium viscosities of Vitla, Vitlb, and Vitlc lie between those of Vitl
and Vit4 in the low-temperature regime. In addition, Vitlc exhibits lower equilibrium

viscosity values than the other two alloys in the limited temperature range studied.
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Figure 2.10: A summary of the results of equilibrium viscosity measurements for
Vit1-Vit4.

Fitting the data for Vitla, Vitlb, and Vitlc using Eq. 2.3 yields D* values of 21.3,
18.9, and 25.9, respectively. The data for Vit4 were obtained in a previous study by
Bakke et al. [14], and a VFT fit to those data yielded a value of 22.7. The error in D*
due to the fitting process for the three middle alloys is approximately +1.3, though
the small number of points combined with the lack of high-temperature data for these
alloys increases the overall error relative to Vitl and Vit4. The following subsection
focuses on the changes in apparent viscosity during the phase transformations that
occur in Vitl close to the glass transition. The other alloys in the series are examined

in more detail in the chapters that follow.



26
2.3.2 Effect of Phase Changes on Flow

As noted earlier, the viscosity data obtained from Vit1l during isothermal beam bend-
ing experiments cannot be described by Eq. 2.2 for the entire duration of each mea-
surement. Rather than following stretched exponential behavior, the viscosity some-
times varies in multiple stages, reaching two distinct plateaus. At temperatures where
the material is in the supercooled liquid state directly after reaching the annealing
temperature (above 658 K, using a heating rate of 0.833 K/s to reach the annealing
temperature), the viscosity in the isothermal experiment first stays constant (see Fig.
2.6). Then, a large increase of viscosity over several orders of magnitude occurs until
a second steady state is observed. For lower temperatures (Figs. 2.5 and 2.7) the
samples first show typical stretched exponential relaxation toward the equilibrium
state until changes in the material begin to cause deviations from this behavior. The
DSC thermogram depicted in Fig. 2.7 helps explain this phenomenon. Prior studies
have shown that primary crystallization in Vitl, evidenced by the exothermic event
depicted at the top of Fig. 2.7, is not the result of homogeneous nucleation from the
supercooled liquid state [15], but is instead the result of nanocrystallization follow-
ing composition fluctuations that likely proceed through a spinodal phase separation
process.

Evidence of phase separation and nanocrystallization after heat treatment close to
the glass transition in Vitl has been previously provided by Schneider et al. [16, 17],
and Liu et al. [8]. In the former, small angle neutron scattering (SANS) experi-

ments showed that the phase separation process has a critical temperature of approx-
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imately 671 K. Below this temperature, composition fluctuations with a temperature-
dependent characteristic wavelength are generated within the amorphous alloy dur-
ing annealing, indicative of a spinodal process. These quasi-periodic fluctuations
in composition increase in amplitude until the crystallization temperature in certain
phase-separated domains approaches the annealing temperature. Thus, after a certain
period of time the barrier to nucleation of nanocrystals decreases, and nanocrystals
form on a spatially correlated length scale.

Additional SANS experiments conducted by Liu et al. [8] confirm the previous
description of phase separation in Vitl. If nanocrystallization follows phase separa-
tion, a small volume fraction of crystalline material should be present after a certain
temperature-dependent annealing time. From the scattering data, the volume fraction
of precipitates vs. annealing time is estimated in the Liu study for several temper-
atures. These volume fraction data are shown in the lower portion of Fig. 2.7 for a
temperature of 643 K. Given TEM [16] and DSC results, we believe the data represent
the volume fraction of a crystalline phase that forms in one set of phase separated
domains. Ref. [8], in contrast, assumes the phases that contribute to the SANS
signal are non-crystalline. It can be seen from Fig. 2.7 that the crystalline volume
fraction initially increases rapidly in the same time interval where the pronounced
DSC crystallization peak and the deviations of the viscosity from equilibrium are ob-
served. The volume fraction reaches a value of approximately 0.105 at about 5000 s.
Despite this relatively low volume fraction, the viscosity changes by nearly one order

of magnitude during precipitation and continues to climb even after the crystalline
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volume fraction reaches a constant value with time.

In order to quantify the effect of the nanocrystals on the viscosity change, a
correction according to Einstein’s equation for the flow of mixtures [18] can be made
to the equilibrium viscosity obtained from the first relaxation event. This correction
accounts for the viscosity change due to a small volume fraction of spherical particles

suspended in a medium of known viscosity. In the equation

Ny = (1 + 2.5¢) (2:4)

Nefs is the viscosity of the mixture, 7 is the viscosity of the surrounding medium, and ¢
is the volume fraction of particles. According to Eq. 2.4, a crystalline volume fraction
of 0.105 would cause a shift of less than 30% in the effective viscosity of Vitl if the
viscosity of the surrounding medium is assumed the same before and after particles are
added. Experimental observations show an increase in viscosity of about three orders
of magnitude subsequent to the the initial relaxation of the quasi-homogeneous alloy.
Therefore, the equilibrium viscosity of the non-crystalline matrix itself must have
changed significantly. Since polyamorphism (where a supercooled liquid decomposes
into two liquids with the same composition but different densities and fragilities [19])
is unlikely to be observed in a metallic liquid, the matrix must have changed to a
composition with a higher equilibrium viscosity at a given annealing temperature.
In Fig. 2.7, both the volume fraction increase and the crystallization peak in
the DSC scan reveal a crystallization event that begins shortly after the start of

measurement and ends approximately 6000 s later. The second viscosity increase,
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however, continues for much longer times. This suggests that, following the effective
end of primary crystallization, further changes in viscosity are caused by concen-
tration redistribution and relaxation of the non-crystalline matrix surrounding the
nanocrystals. In order to investigate this effect, constant heating rate (20 K/min)
DSC thermograms were obtained for the initially homogeneous alloy and also for the
matrix after annealing for two different durations. These data are shown in Fig. 2.11.
The onset of the calorimetric glass transition of the as-prepared sample is observed
at approximately 625 K. After annealing, the glass transition has shifted to higher
temperatures and the glass transition region has broadened. Because the kinetic glass
transition reflects the relaxation time and the temperature dependence of the viscos-
ity in the supercooled liquid [9], the shift of 7} in the matrix to higher temperatures
is consistent with the increase in viscosity of the matrix after primary crystallization.
With increasing annealing time prior to the DSC scan, the first exothermic peak,
caused by phase separation and primary crystallization, vanishes. After the sample
has been annealed for 6000 s, the approximate time at which the crystal volume
fraction increase has ceased, the subsequent DSC scan only shows a small exother-
mic effect which can be attributed to growth of the primary nanocrystals before the
remaining matrix crystallizes during secondary crystallization. After annealing for
54000 s, the DSC scan shows no evidence of nanocrystal growth, indicating that a
metastable equilibrium state has been reached. The glass transition has shifted to an
even greater temperature.

A VFT fit to the effective equilibrium viscosity data recorded after the end of
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Figure 2.11: DSC scans of Vitl as-prepared (solid line), after annealing at 643 K for
6000 s, and after annealing at 643 K for 54000 s.

primary crystallization, shown in Fig. 2.8, yields a higher D* than the initially ho-
mogeneous alloy. Despite the fact that the final state of the alloy consists of nanocrys-
tals embedded in an amorphous matrix, such a fit is justified owing to the negligible
change in viscosity caused by nanocrystal formation. The formation of nanocrystals
causes, according to Eq. 2.4, a viscosity change in an otherwise uniform matrix of less
than a factor of two; such a small change can be neglected when compared to viscos-
ity changes of three orders of magnitude. The VF'T fit therefore primarily describes
the viscosity of the final matrix, and it reveals that the matrix after phase separa-
tion and local primary crystallization is, overall, a stronger liquid than homogeneous
Vitl. This, in turn, implies that the remaining amorphous material surrounding the

nanocrystals is possibly a better glass former than the original homogeneous alloy.
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To summarize, the viscosity of Vitl, Vitla, Vitlb, and Vitlc was measured in
the supercooled liquid and amorphous states. These alloys show strong liquid behav-
ior, and phase changes in the samples during testing contribute to modified stretched
exponential behavior with multiple relaxation events. After relaxation during anneal-
ing, the viscosity of Vitl appears to increase significantly. This unusual behavior is

attributed to phase separation which precedes nanocrystal formation.
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Chapter 3

Thermal Analysis: Constant
Cooling and Heating

The correlation in metallic glass forming systems between GFA, represented by the
critical cooling rate (R.) and the reduced glass transition temperature (T,,) has
been confirmed in many experiments (see, for example, Ref. [1]). However, R, is
generally difficult to measure directly, and therefore other criteria have been used to
indicate relative GFA. For some systems it has been demonstrated that larger values
of AT, usually quantified by measuring the temperature difference between the glass
transition and the first crystallization event upon heating at a constant rate, tend
to be associated with lower values of critical cooling rate. As a result, the thermal
stability, represented by AT, has also served as an indicator of GFA in some alloy
systems.

In recent years, the crystallization of Vitl has been extensively examined [2, 3,
4, 5]. The tendency of this alloy to undergo chemical decomposition in the super-
cooled liquid [2, 3, 4] has a direct influence on the subsequent nucleation and growth

of crystalline phases. Evidence of a chemical decomposition process has also been
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observed in Vitla, Vitlb, and Vitlc [6]. Since the decomposition occurs at tempera-
tures close to T}, the isothermal crystallization behavior of Vitl for low supercooling
is quite different from its behavior when deeply supercooled [5]. In addition, a study
by Schroers et al. [7] involving constant heating and cooling experiments has shown
that Vitl crystallizes in a different manner upon heating from the amorphous solid
than upon cooling from the melt. In that study, a cooling rate of approximately 1
K/s was required to bypass crystallization during cooling, whereas a heating rate of
200 K/s was necessary to avoid crystallization of a detectable volume fraction.

This chapter details the results of two series of experiments performed on Vitl,
Vitla, Vitlb, Vitlc, Vit4, and two additional alloys, Zrsg gsTi15.12Cu13.77Nig.9sBea o5
(Vitl(-a)), and Zrsg 5Ti16.5Cuys.25Nig 75Begg (Vitl(-b)). First, the critical cooling rate
R, was measured directly by melting alloy samples and subsequently cooling them
at multiple controlled rates until crystallization occurred. Second, the alloys were
examined during heating at a constant rate from the amorphous state to the molten
state. These experiments resulted in the determination of several quantities, R., AT,
and 7,4, used to quantify GFA. R, is compared directly with AT and 7,4 values for

each alloy.

3.1 Setup and Technique

Alloy samples were prepared in the same manner as described in Chapter 2. A
Perkin Elmer differential thermal analyzer (DTA 7) was used for continuous heating

measurements. Samples were heated at 10 K/min in order to determine AT, T, and
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the apparent solidus and liquidus temperatures, T and T; respectively. Continuous
cooling experiments were conducted in an rf-heating device, and the samples were
heated inside graphite crucibles. Initially, samples with a mass of approximately 200
mg were inductively heated in a titanium-gettered argon atmosphere to 1225 K for
150 s. They were then cooled under the control of a proportional integral differential
software algorithm at various rates. The experimental setup used for the continuous

cooling rate measurements is detailed in Ref. [8].

3.2 Results

Fig. 3.1 shows some representative results of a series of continuous cooling measure-
ments which were used to determine the critical cooling rate directly. The data were
obtained by differentiating the digitally recorded temperature-time profiles measured
for Vitlb. For each measurement, the sample was cooled at a controlled rate from
its initial temperature to some temperature below the glass transition. In Fig. 3.1,
crystallization in the sample during cooling manifests as an abrupt decrease in the
magnitude of the cooling rate due to a release of the heat of fusion, as shown in the
curves labeled (a), (b), and (c). The size of the crystallization peak decreases as the
cooling rate magnitude increases in each subsequent measurement, and a crystalliza-
tion event becomes undetectable, i.e., the sample has been rendered amorphous for
the purposes of this study, after the cooling rate exceeds a certain value. Curve (d)
represents such a measurement. Variations in cooling rate prior to crystallization can

be attributed to limitations in the control algorithm used to modulate power during
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Figure 3.1: Cooling rate vs. temperature for Vitlb. The curves were obtained by
differentiating the temperature-time profile recorded during cooling.

cooling. Thus, to determine a cooling rate value for each measurement, an average of
the rate between 1200 K and 900 K was calculated.

Also shown in Fig. 3.1 are data taken while free-cooling the sample from its initial
temperature. The curve labeled (e) illustrates another limitation of the experimental
apparatus; as the temperature decreases, the maximum constant cooling rate that can
be maintained decreases dramatically because the rate of heat loss from the crucible
exterior limits the overall cooling rate of the sample/crucible combination. Therefore,
as the constant cooling rate measurements approach the temperature where they
intersect the free-cooling curve, they begin to follow the latter. In order to take

measurements of cooling rates in excess of 10 K/s for Vitlc and Vit4, samples were
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cooled with a flow of ultra high purity argon. Only the downstream pressure could
be varied to produce different cooling rates for samples of these alloys, and estimates
of R. have greater error as a result.

Fig. 3.2 and Fig. 3.3 show the results of DTA heating scans of each alloy, used
to examine crystallization and melting behavior. The arrows in Fig. 3.2 mark the
onset temperature for both the glass transition and the first crystallization event.
For all seven alloy compositions, the glass transition temperature remains essentially
constant, with an average value of 625 K. Because the magnitude of the heat release
due to crystallization was so large for Vitlb and Vitle, the heat flow signals for these
alloys have been truncated for clarity. From Fig. 3.3, it is apparent that the solidus
temperature fluctuates to some degree, but 7; changes by a much greater amount
between Vitl and Vit4, reaching a maximum of 1239 K in Vitlc. In addition, the
value of T} determined for Vitl, 996 K, agrees well with previous results [9]. The
liquidus temperature estimate for each alloy in the series is marked in Fig. 3.3 by an
arrow, and the dashed curve has been added to illustrate the general trend in liquidus
temperature from Vitl(-b) to Vitlb. It is important to note that such dramatic
sensitivity of the liquidus temperature to composition is typical of alloys which lie
near deep eutectics in a multicomponent phase diagram. Table 3.1 summarizes T,
T, and T; values measured from DTA, as well as AT and T,, values derived from
them.

The relationship between the experimentally determined AT', T4, and R, values is

shown for all the alloys in Fig. 3.4. 7,4, the reduced glass transition temperature, was
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Figure 3.3: High temperature DTA data for the alloy series.
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T, K) AT(K) T.(K) L(K) T
Vit1(-b) 630 48 921 1003  0.628
Vitl(-a) 629 57 928 1006  0.625

Vitl 623 49 932 996 0.626
Vitla 623 89 933 1057  0.589
Vitlb 625 114 917 1206  0.518
Vitlce 623 117 911 1239  0.503
Vit4 622 105 909 1185 0.525

Table 3.1: DTA results at 10K/min for the alloy series (Vit1(-b) to Vit4).

calculated using T;,/7;. As shown in the top portion of Fig. 3.4, AT and T,, exhibit a
negative correlation as a function of composition. Both values remain fairly constant
for Vit1(-b) through Vitl but change dramatically from Vitla to Vit4, reaching a
maximum in A7 and a minimum in 7}, at Vitlc. Since T, does not vary significantly
between the seven alloys studied, this means that as AT increases, T; increases as
well in this alloy series.

The R, values depicted in the lower portion of Fig. 3.4 show a different behavior.
At one extreme, they approach a limit of approximately 1.4 K/s in Vitl(-b) and
Vitl(-a), but from Vitla to Vit4 they increase steadily, reaching a maximum of 28
K/s in Vit4. The increase in R, from Vitla to Vitlc follows the trend toward smaller
values of T,,. The GFA of these alloys, however, does not seem to correlate well with
the width of the supercooled liquid region, AT. As the critical cooling rate increases
in this alloy series, the width of the supercooled liquid region also increases; those

glass compositions with the largest AT are actually the poorest glass formers.
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Figure 3.4: T,, and AT as a function of alloy composition (top graph), and
critical cooling rate R. as a function of alloy composition (bottom graph). x
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3.3 Summary of Constant Cooling and Heating

Experiments

The results tend to confirm Turnbull’s criterion, which predicts that glass forming
ability should decrease with decreasing reduced glass transition temperature. How-
ever, contrary to current understanding, the thermal stability and GFA do not show
a positive correlation for the alloy series examined in this study. This suggests that
different mechanisms influence crystallization upon heating and upon cooling.

It has been demonstrated that decomposition in Vitl influences the nucleation
and growth of crystalline phases in the alloy. Small-angle neutron scattering (SANS)
research on Vitla-Vit4 has also revealed the existence of spatially correlated inho-
mogeneities in some of these alloys after annealing [6]. This research has resulted in
the determination of an effective critical temperature, T, for Vitl, Vitla, and Vitlb,
and has established that T, decreases from Vitl to Vitle, eventually reaching the
glass transition temperature between Vitlc and Vit4. Below this critical tempera-
ture, small composition fluctuations within the originally homogeneous alloy become
thermodynamically favorable, and the alloy will undergo phase separation followed
by crystallization. The influence of phase separation on the thermal stability and
crystallization behavior near T, will be examined in more detail in subsequent chap-

ters.
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Chapter 4

Thermal Analysis: Isothermal

In order to quantify the effect of composition changes on crystallization in the Vit1(-
b) to Vit4 series, a series of isothermal crystallization experiments were performed.
These experiments were used to determine time-temperature-transformation (TTT)
diagrams for the alloys in the series, revealing dominant trends in crystallization
behavior. Additional thermal analysis was used to assess the amorphous material re-
maining in alloy samples following isothermal crystallization events, and x-ray diffrac-
tion (XRD) was employed to examine the crystalline content at various stages during

annealing.

4.1 Setup and Technique

Fully amorphous samples of Vitl(-b), Vitl(-a), Vitl, Vitla, Vitlb, Vitlec, and Vit4,
prepared in the same manner as previous experiments, were studied using a Perkin
Elmer DSC 7. Isothermal crystallization studies were performed on material that was
heated from room temperature to the annealing temperature at a rate of 200 K/min.

After holding samples at the annealing temperature for a specified length of time, they
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were cooled to room temperature at 200 K/min. In order to determine the volume
fraction crystallized during the isothermal step, subsequent DSC measurements using
a constant heating rate of 40 K/min were also performed on some of the samples.
XRD data were acquired using a Co-Ka source and an INEL CPS-120 position
sensitive detector. The 26 values for each diffractogram were calibrated using the
peaks of LaBg reference material. Following isothermal annealing and prior to XRD,
samples were cooled and lightly sanded using 1200 grit sandpaper in order to remove

all traces of surface oxidation.

4.2 Results

Fig. 4.1 shows representative isothermal DSC thermograms of Vitla. The lowest
temperature measurement, taken at 683 K, reveals two sluggish exothermic crystal-
lization events whose peaks are separated by approximately 2300 seconds. As the
annealing temperature is increased to 713 K (Fig. 4.1b), the spacing in time between
successive crystallization events decreases and each crystallization event itself occurs
more rapidly, until only one rapid crystallization event is apparent (Fig. 4.1c) at high
temperatures.

Summaries of the isothermal crystallization studies are shown in Fig. 4.2 as time-
temperature-transformation diagrams. For a given temperature, each TTT diagram
shows the time to reach the onset (open squares) and end (filled squares) of the first
crystallization event and the time to reach the onset (open squares) and end (filled

squares) of the second crystallization event for each alloy. Two general trends are
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Figure 4.1: DSC thermograms of isothermal crystallization of Vitla at 683, 713, and
733 K.
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immediately apparent. First, when annealed at high temperatures, most of the alloys
crystallize in one rapid event, but all the alloys crystallize in two separate events
when annealed at lower temperatures. Second, isothermal stability (the time to reach
crystallization) at temperatures near T tends to increase as the tie-line is traversed
from Vit1(-b) to Vit4.

As shown in Fig. 4.1 for Vitla, the first crystallization event for all the alloys
ceases to be apparent above a certain temperature; with increasing annealing tem-
perature, the second crystallization event steadily increases in magnitude and rate,
eventually dominating the crystallization of the alloy. The temperature at which the
crystallization behavior changes varies from 663 K in Vit4 to 733 K in Vitl, while
two crystallization events are always evident for Vitl(-a) and Vit1(-b).

In addition to the transition from one to two crystallization events, there is also
a dramatic extension of the onset of the first crystallization event to longer times
between 673 and 643 K for each successive alloy in the series. This increase in
isothermal stability is particularly noticeable in Vit1lb, Vitlc, and Vit4, with the latter
requiring annealing times on the order of 5 hours at 643 K before crystallization sets
in. It should be noted that for temperatures below 643 K, long duration heat releases
due to crystallization are too small in magnitude to enable accurate determination
of onset and end times from DSC data for all the studied alloys. Also, because at
high temperatures there is an asymmetry in crystallization behavior during heating
vs. during cooling, it was not possible to acquire T'TT data above the effective “nose”

of the diagram for each alloy using isothermal annealing. The DSC used is limited to
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Figure 4.2: TTT diagrams measured after heating from the amorphous state for the
Vit1(-b)-Vit4 series. For Vit1(-b), the time to the first peak in the heat flow signal,
rather than the onset, is shown as half-filled squares.
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a maximum heating rate of 3.33 K/s, and it has been shown that a heating rate of
approximately 200 K/s is necessary to avoid crystallization upon heating [1].

Following the isothermal anneals, constant heating rate measurements were per-
formed on the samples to determine whether they were completely crystalline. Sur-
prisingly, all the alloys showed some remaining amorphous fraction after isothermal
annealing, regardless of annealing temperature. By comparing the heat release dur-
ing crystallization in these subsequent constant heating rate thermograms with the
total heat release detected during constant heating of the as-cast material, the rel-
ative volume fraction crystallized during each step was determined and the amount
of amorphous material remaining after the isothermal step was thus estimated. The
results of these measurements, shown in Fig. 4.3, reveal a steady increase in volume
fraction crystallized during the isothermal step as annealing temperature is increased
for all the alloys except Vit4d. The latter shows a crystallized volume fraction which
remains fairly constant with annealing temperature.

To investigate compositional changes in the amorphous material remaining after
isothermal annealing, T, was determined for each alloy as well. Fig. 4.4 shows T}
onset values derived from constant heating rate measurements of samples after they
have been processed at different isothermal annealing temperatures. Because each
sample is already partially crystallized before the constant heating rate measurement
used to measure 7T,, the endothermic heat flow signal during the glass transition is
smaller in magnitude and it is more difficult to determine the onset, resulting in the

substantial scatter shown for all the alloys. In addition, because the samples have
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the average T, measured from as-cast samples.

been heated above T,, no annealing effects due to a change in free volume should
be observable, and changes in T, can be attributed to compositional changes only.
Despite the scatter, it is clear that T}, measured subsequent to isothermal anneals on
partially crystallized samples, increases substantially compared to the initially fully
amorphous material. As-cast samples, in contrast, all have similar T, values.

In order to gain some insight into the nature of the phases formed during isother-
mal annealing, X-ray scans were performed on samples of Vit1-Vit4. These scans are
shown in Fig. 4.5a-Fig. 4.5e. Prior to the XRD measurements, samples of each alloy

were held at higher annealing temperatures where only one crystallization event exists
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Figure 4.5: XRD spectra for Vitl in the as-cast condition and also after isothermal
anneals at two temperatures.

(see Fig. 4.2) and were quenched to room temperature after the exothermic event was
complete. In addition, samples of each alloy were also annealed at low temperatures
where two crystallization peaks are evident and were quenched after the first peak
and after the second peak. For these, XRD data were gathered immediately after
the primary crystallization and also after both primary and secondary crystallization
peaks were finished.

After primary crystallization during annealing at 703 K for Vit1, 693 K for Vitla,
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683 K for Vitlb, 663 K for Vitlc, and 633 K for Vit4, all the alloys show a pattern

containing three peaks at approximate d-spacings of 2.4 A, 2.3 A, and 1.4 A (20 ~43°,
45°, and 77°), indicating the presence of a quasicrystalline phase. This phase has been
observed in other studies of Vit4 [2]. Previous evidence pointing to the existence of
this phase in Zr-based BMG alloys includes XRD studies, in which the main peaks
attributable to the quasicrystalline phase were indexed [3], and high-resolution TEM
analysis, in which five-fold symmetry could be directly observed in micrographs. TEM
studies using selected-area electron diffraction have also documented multiple zone
axes corresponding to the icosahedral structure of this phase, which appears to form
on the nanoscale (the quasicrystals are less than 100 nm in size) and has a quasilattice
constant of 4.779 A [2, 4]. It has been shown that the formation of quasicrystalline
phases upon devitrification is common in Zr-based metallic glasses, possibly due to
substantial icosahedral order existing in the supercooled liquid prior to crystallization
[5]. After both crystallization events have finished during low temperature annealing
of the three alloys, XRD data exhibit a large number of peaks which result from the
presence of BeyZr, ZroCu and other phases, as has been shown in previous studies
[6]. Though peaks at positions corresponding to the quasicrystalline phase are still
present as well, it cannot be unambiguously determined whether the quasicrystalline
phase remains after the second crystallization event. There is a difference between the
alloys in the types of phases that form after the second crystallization event, however.
For example, whereas the peaks at d =2.6 A, d =2.1 A, and d =2.0 A are present

in both Vitla and Vitlb, they are absent or exist only as a shoulder in Vitle. In
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addition, the peaks at d =3.1 A and d =1.8 A are present in Vitlb and Vitle but

not in Vitla. Thus there must be at least two additional phases forming during the
second crystallization event, and both of these phases are not necessarily present in
each alloy. In contrast, the x-ray measurements taken at high temperatures, where
only one crystallization peak is evident, show similar phases for all three alloys, with

the x-ray peaks differing mainly in intensity.

4.3 Summary of Isothermal Experiments

The isothermal crystallization studies reveal the lower part of the TTT diagram for
each of the investigated alloys. All alloys show evidence of a bifurcation in the crys-
tallization behavior, and a clear trend in crystallization kinetics can be discerned
from Fig. 4.2. Following the tie-line in composition space from Vit1(-b) to Vit4, one
observes that the primary phase forms fairly early (<1000 seconds between 643 and
773 K) for Vit1(-b), Vitl(-a), and Vitl. Thus, relative to the rest of the series, these
three alloys exhibit decreased resistance to crystallization and therefore decreased
isothermal stability. For all the alloys, crystallization occurs in several steps. Follow-
ing the primary crystallization event, a substantial slowdown in kinetics is observed,
and the second crystallization event occurs at a much later time. In addition, the
secondary event appears to dominate the crystallization of the entire sample above
some temperature for each alloy, implying a competition between the primary phase
and the phases formed during the second event.

The combined DSC and XRD results show that crystallization proceeds through
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multiple pathways which depend on annealing temperature. At low temperatures,
all the alloys first form a quasicrystalline phase. It has been postulated that this
metastable phase eventually transforms to one or more new phases after a sufficient
amount of annealing time at a given temperature [2, 7]. After the primary crystalliza-
tion, a second crystallization process produces the remainder of the peaks observed
in XRD. Whereas at low temperatures the phases that appear after the formation of
the quasicrystals seem to vary somewhat between the alloys, at high temperatures all
the alloys appear to crystallize very rapidly, forming a similar distribution of phases.
Differences in samples crystallized at low temperature might thus be attributed to
differing rates of development of the various phases and possibly also to the appear-
ance and transformation of metastable phases during annealing. At a sufficiently high
temperature which varies for each alloy, the quasicrystalline phase cannot form. Each
alloy crystallizes in one rapid event above this temperature, and the consistency of
the high temperature XRD results from all the alloys means that they probably repre-
sent an equilibrium distribution of crystalline phases common to the Zr-Ti-Cu-Ni-Be

system.
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Chapter 5

Discussion of the Crystallization
Process in the Vit(-b)-Vit4 Alloy
Series

5.1 R.and AT, and Their Influence on TTT

Behavior

Both the constant heating rate DTA experiments and the isothermal DSC experi-
ments detailed in previous chapters describe an alloy series in which thermal stability
increases dramatically with composition. To some extent, the constant heating rate
results are analogous to traversing the TTT diagrams in a linear fashion. When cooled
slowly from the melt, however, the alloys in this system typically crystallize at a tem-
perature substantially higher than the highest temperature measured in Fig. 4.2.
Consequently, the high temperature crystallization behavior (above the isothermal
annealing temperature at which crystallization is most rapid) for the Vit1(-b)-Vit4
alloy series has also been explored. Measurements revealed that R. is lowest for Vit1(-

b)-Vitl, i.e. these alloys are the best glass formers in the series. R, steadily increases,
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however, from Vitla to Vit4, reaching a maximum of approximately 27 K/s in the
latter.

Because both the nucleation rate and the growth rate of crystalline phases strongly
depend on the kinetics in a material, it is important to examine the extent to which
viscosity plays a role in the crystallization behavior of the alloy series. As shown in
Fig. 2.10, the three intermediate alloys have similar equilibrium viscosities between
590 and 655 K, and Vitlc exhibits the second lowest equilibrium viscosity in this tem-
perature range. VFT fits to the data have yielded D* values of 18.5, 21.3, 18.9, and
25.9 for Vitl, Vitla, Vitlb, and Vitlc, respectively. Similar viscosity experiments
conducted previously have determined a D* value of 22.7 for Vit4 [1]. From the
viscosity behavior alone, it appears that Vit4 should demonstrate the highest crystal-
lization rate, and its thermal stability should therefore be greatly reduced. However,
both Vit4 and Vitlc show the longest times until the first crystallization event within
the temperature range of 643 K to 713 K.

Using the results of crystallization experiments both above and below the “nose”
of the TTT diagram, some observations can be made about the dominant trends in
this alloy series. Though Vitl represents one of the best glass formers, its thermal
stability is substantially reduced compared to Vitla-Vit4d. Conversely, Vit4 exhibits
the highest thermal stability at low temperatures, yet its GFA is greatly reduced.
In order to help explain this apparent contradiction, an estimate of the complete
TTT diagram for each of the alloys has been made, taking into account the results

from Fig. 4.2 and measurements of R.. This is shown in Fig. 5.1. In this diagram,
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an attempt has been made to show the interplay between GFA, represented by the
shortest time to crystallization in the upper part of the TTT diagram, and thermal
stability, represented by the time to crystallization at low temperatures near the glass
transition. As can be seen in Fig. 5.1, Vit1(-b)-Vitl all have low R, values, resulting
in a TTT nose which is extended to longer times (on the order of 100 s). The low
temperature portion of the TTT diagram varies between these alloys, however, with
the onset of crystallization pushed to earlier times in Vit1(-b) and Vit1(-a), indicating
substantially reduced thermal stability. From Vitla to Vit4, there is a smooth and
continuous evolution in the shape of the T'T'T diagram. The nose for each subsequent
alloy begins at earlier times, mirroring the increase in R., while at the same time
the onset of crystallization for temperatures below the nose extends to longer times
as the thermal stability increases. It is obvious from this diagram that a low critical
cooling rate does not necessarily imply a high thermal stability in bulk glass forming
compositions; completely different crystallization mechanisms operate in the high and

low temperature regimes.

5.2 Effects of Decomposition

For most of the series, it has been found that there exists a decomposition process
in the liquid prior to crystallization. It is likely that the incubation time preceding
quasicrystal formation at low temperatures is directly influenced by such a process.
As it has been suggested in several investigations that decomposition is the rate lim-

iting step for crystallization [2, 3], increases in isothermal stability from Vit1(-b)
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Figure 5.1: Estimates of the TTT diagrams for Vit1(-b)-Vit4, based on the results
detailed in this study. Upon traversing the series from Vit1(-b)-Vit4, there is a steady
extension of the nose to shorter times while at the same time there is an increase in
the time to crystallization at low temperatures.
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to Vit4 could therefore be attributed to differences in the timescale for decomposi-
tion for each alloy. Loffler, et al., demonstrated the existence of spatially correlated
inhomogeneities in Vitl-Vit4 after annealing at various temperatures [4]. Critical
temperatures, below which decomposition occurs, were reported to be 670 K, 649
K, and 642 K for Vitl, Vitla, and Vitlb respectively. In addition, an interference
maximum resulting from the existence of spatially correlated inhomogeneities was
found only at 623 K for Vitle, and none was observed for Vit4 in the temperature
range studied. Fig. 5.2 compares the measured critical temperatures with 7 and
crystallization onset temperatures measured via DSC at 20 K/min. Though the T},
values in these alloys vary depending on the heating rate used for measurements, it
is clear from Fig. 5.2 that the critical temperature approaches the glass transition
temperature as the tie line is traversed from Vitl to Vit4 (the open circles in Fig.
5.2 represent minimum estimates of the critical temperature based on personal cor-
respondence with Dr. Loffler). T, the crystallization onset temperature in Fig. 5.2,
mirrors the thermal stability of each alloy composition. Thus, as the critical temper-
ature moves closer to T,, the thermal stability begins to increase substantially after
Vit1.

The measured range of critical temperatures indicates that decomposition at a
given annealing temperature near 7T, occurs most rapidly in Vitl, slows down steadily
as the tie-line is traversed, and is negligibly slow in Vit4. Consequently, the decom-
position proceeds fastest in the alloys near Vitl, causing local composition shifts

throughout the liquid and reducing the barrier to crystallization in those regions
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been detailed in previous chapters.



67

where the composition shifts toward that of the primary phase. Though Vitl has
the most sluggish kinetics of the studied alloys, its resistance to crystallization may
thus be mitigated by such composition fluctuations. Vitle and Vit4, on the other
hand, may show such dramatic increases in isothermal stability because the timescale
for decomposition has been substantially increased despite their more rapid kinetics.
Overall, the scenario described above predicts a crystallization process which is lim-
ited at low temperature by the rate and extent of decomposition; high temperature
crystallization in these alloys, represented by the varying critical cooling rate, is not
influenced by such a process.

If a decomposition process influences the formation of primary quasicrystals in
this alloy series, a correlation between Ty, (the temperature above which crystalliza-
tion ceases to occur in two steps, and thus no quasicrystallization occurs) and the
critical temperature (7.) cited above should be observable. From Fig. 2, the former
temperatures are 733 K, 723 K, 703 K, 683 K, and 663 K for Vit1-Vit4, while the lat-
ter temperatures are 670 K, 649 K, 642 K, and 623 K for the first four alloys. Clearly,
quasicrystals still form during isothermal annealing at temperatures well above the
cited values of T, for all the alloys. Despite the lack of agreement between these
temperature values, however, it is still possible that the decomposition mechanism
has some effect on crystallization above T.. The previous SANS results reveal cor-
related inhomogeneities in each alloy composition below its respective T, due to the
formation of nanocrystals in phase separated domains with favorable composition.

In other words, these values of T, represent an intersection of the alloy composition
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with a coherent spinodal, below which the alloy is unstable with respect to composi-
tion fluctuations and forms regularly spaced decomposed domains. At temperatures
higher than the coherent spinodal but below the coherent miscibility gap, the liquid
is in a metastable state, and decomposition into two chemically different supercooled
liquids must overcome a nucleation barrier. In this temperature regime, decomposed
regions that form will be uncorrelated in space, as will be the quasicrystals which
form in those regions. Such a distribution would not be revealed by SANS. At Tr,.,
each alloy’s crystallization behavior changes abruptly because the barrier to nucle-
ation of a phase separated domain in the supercooled liquid becomes comparable to
the barrier to nucleation of the competing high temperature phase. Thus, above T7,,
the primary phase which forms precludes the formation of quasicrystals and triggers
a rapid series of crystallization events which manifest as one large heat release in DSC

thermograms.

5.3 Compositional Considerations

The preceding discussion of the variation in crystallization kinetics among the alloys
and its relation to changing decomposition kinetics has not taken into account some
aspects of the polymorphic nature of the crystallization in these alloys. In order to
explain how a composition fluctuation in the supercooled liquid affects crystallization,
not only must the kinetics of the decomposition process be considered but also the
amplitude of the composition fluctuations, where amplitude refers to the composition

difference between the nominal material and the primary phase. Quasicrystals are
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known to have a narrow composition (meta)stability range. At low supercoolings,
the growth rate controls crystallization in Zr-based alloys [5], and it has been found
that the growth rate for quasicrystalline phases depends on the chemical short range
order and not the topological short range order, as the nucleation rate does [6]. The
alloy with the largest composition difference between the primary quasicrystalline
phase and the nominal composition should have the most sluggish crystallization
kinetics. Considering this, the composition difference between the nominal glass and
the primary phase might also be a crucial factor influencing the thermal stability.
Based on the experimental results detailed above, the early stages of crystalliza-
tion at temperatures far below the TTT nose of each alloy in this series proceed in
the following manner. After a period of time required to create a composition fluctu-
ation in which a nucleus forms, a quasicrystalline phase appears in the supercooled
liquid. This transition is non-polymorphic, and the remaining amorphous matrix has
an altered composition following primary crystallization. The volume fraction that
crystallizes as a quasicrystalline phase lies between 4% and 96% for the compositions
and temperature ranges studied. The new matrix composition shows, on the average,
an increased T}, as revealed by constant heating rate DSC thermograms taken sub-
sequent to the isothermal anneals. This higher 7} results from an increase in liquid
density which slows down the crystallization kinetics, and the primary crystallization
therefore stabilizes the glass. However, this does not necessarily mean that the GFA
or thermal stability of the new composition is superior to the original composition.

The thermal stability, in fact, is lower for the material containing quasicrystals, be-
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cause the matrix crystallizes at a lower temperature during subsequent heating; after
isothermal annealing between 643 and 653 K, Vitla, Vitlb, Vitlc, and Vit4 show
average decreases in AT of 61 K, 58 K, 54 K, and 50 K, respectively, compared to the
as-cast material. Such a shift in crystallization temperature might be caused by the

composition of the matrix shifting closer to that of a competing crystalline phase.
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Chapter 6

Summary

This work detailed the study of various contributions to GFA in the Zr-Ti-Cu-Ni-Be
alloy system. The alloy series Vit1-Vit4d was selected for analysis because all the
alloys are bulk glass formers, allowing the same set of experimental techniques to be
utilized for the study of each. However, because certain thermophysical properties
vary substantially between the alloys, this series provided an opportunity to compare
each individual influence on GFA and assess its importance. Knowledge of these
influences contributes to the understanding of glass formation and can be used to
predict new bulk glass forming alloys.

Equilibrium viscosity was measured in the vicinity of the glass transition using
the three-point beam bending technique. Viscosity relaxation at low temperatures
proceeded in two distinct steps, a phenomenon which could be attributed to a phase
change occurring in each sample during annealing. All the studied alloys exhibited
strong liquid behavior, reflected in their similar fragility parameter values. Their high
viscosities are believed to be responsible for the overall good glass forming ability of
this series. The difference in glass forming ability among the alloys, however, does

not show a strong correlation with the viscosity trends.
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The critical cooling rate of each alloy in the series was measured directly with
a high degree of accuracy. Several influences on the kinetics of crystallization were
examined using differential thermal analysis and differential scanning calorimetry, as
well as x-ray diffraction. R, increases steadily from approximately 1.4 K/s in Vit1(-
b) to 28 K/s in Vit4d. At the same time, the thermal stability increases dramatically
between Vitl and Vit4, while the reduced glass transition temperature drops substan-
tially. It was found that Turnbull’s criterion for glass formation, the reduced glass
transition temperature, correlates well with the glass forming ability of the various
alloys, and therefore is a useful criterion for characterizing GFA. The thermal sta-
bility, which is frequently used as a criterion for characterizing GFA (mainly due to
the experimental challenge of measuring critical cooling rate directly), does not at all
correlate with GFA. Thermal stability should not be used to predict GFA. The fact
that GFA and thermal stability are not correlated can be explained by a chemical
decomposition process occurring in the supercooled liquid during annealing.

Overall, the results indicate that crystallization is a complex process in this 5-
component system. Local chemistry plays an important role in determining the time
scales for forming crystalline nuclei at low temperatures, and the process is mitigated
to some extent by composition fluctuations caused by decomposition. Thus, the
difference between the nominal alloy composition and the primary phase composition,
and the processes which must occur before the former approaches the latter in the
supercooled liquid, primarily determine the thermal stability in this system. The

GFA, on the other hand, is influenced by a different crystallization process at high
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temperatures, and the reduced glass transition temperature in this series tends to

reflect this.



